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Abstract
The observation of neutron/anti-neutron transformation would directly, and for the first
time, demonstrate that there are processes that violate baryon number, thus revealing the
fundamental mechanism of the origin of our universe. Prior experiments that would show the
existence of such transformations are inconclusive thus far, providing only lower limits for
the transformation rate. New experiments utilizing cold neutrons at spallation sources such
as the European Spallation Source (ESS) provide a means by which to search for these higher
energy scale phenomena beyond that which can be achieved with a collider. An experiment
with the opportunity to contribute to the design of ESS, with the addition of modern neutron
transport techniques, can provide an improvement in experimental sensitivity upwards of
three orders of magnitude beyond what has been attempted previously. However, these
designs utilize a range of technologies that have not necessarily been implemented in such
a grand manner. This practical implementation is a concern that complicates the overall
design. Demonstrations of the advantages of high intensity neutron sources as well as novel
transport concepts and simulations of an experiment design to observe neutron/anti-neutron
transformations are the main focus of this work. These design developments have also been
a significant contribution to a collaborative effort towards the realization of a new European
experiment that would search for neutron/anti-neutron transformations.
v
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The question regarding the origin of life as we know it has confounded researchers and
philosophers alike for millennia. It is a complex question, beginning not with our evolution
from lower-species, or even with the origin of atoms and nuclei, but from the smallest non-
composite particle matter. Why does matter exist in our universe? We start just after (10−37
seconds) the Big Bang. An unimaginably high amount of energy is released, and equal parts
matter and anti-matter come to exist from that energy. As expansion and cooling occur,
matter and anti-matter disappear and release pure photon energy. As time moves forward,
these photons of very-high energy red-shift and down-scatter, becoming what we see now as
the cosmic microwave background radiation (CMB). With no other processes involved, the
whole of matter should annihilate with an equal amount of anti-matter, leaving nothing but
energy in its wake.
Based on the fact that we see more than just energy in our universe, the evolution
of the universe after the Big Bang must be more complex than that. There must be
a process that facilitates an imbalance of matter over anti-matter, or allows for Baryon
Number Violation (BNV), given that the initial state would require equal amounts of each
to exist. Thus, it would seem that there is a need to further refine the current Standard
Model to include transformation modes and particle decays that would not conserve Baryon
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number [Mohapatra and Marshak (1980a),Babu et al. (2006)], and ultimately facilitate a
transformation between matter and anti-matter. This requirement is also one of the three
conditions specified in Sakharov (1967). Several of these new models provide mechanisms by
which an oscillation of a neutron into an anti-neutron could occur under certain conditions,
such as the environment in the early universe. It is here where processes that conserve
the difference between Baryon number B and Lepton number L were prevalent, or where
∆(B−L) = 0. When taken together with Charge-Parity (CP) violation and thermodynamic
non-equilibrium [Sakharov (1967)], those models can explain the excess of matter over anti-
matter that is seen via cosmological observations and facilitate experimental testing of said
models. These theories also suggest that experimental observation of this phenomenon would
also be a probe of physics at higher energy scales beyond that which particle accelerators
can currently achieve [Phillips et al. (2016)].
The main motivation for an experimental observation of neutron oscillation extends from
the possibility to experimentally observe baryon number violation, specifically n→ n̄ (∆B =
−2). The existence of such a process in our universe would inform the means by which to
create a favorable environment to encourage such an oscillation. Below lies a survey of the
models and the phenomenological backing that would inspire the pursuit of an experiment
with a large improvement in sensitivity (∼ 1000 times) that is well within reach of current
technical capabilities at modern neutron sources.
1.1 The Very Early Universe and Baryogenesis
During the Grand Unification Epoch, between 10−43 and 10−36 seconds after the Big Bang,
significant cooling occurred. Much like when gaseous steam condenses to liquid water, and
water freezes to solid ice, the universe undergoes phase changes at specific energy scales. The
phase transitions in this case reflect not a change in structure, but rather a disassociation of
elementary forces from one another. As the universe cools further (energy decreases), three
forces emerge (strong, electro-weak, and gravity) from two (electro-nuclear1 and gravity). At
this energy level (∼ 1012 TeV), accelerated inflation begins and a rapid expansion of space
1This is colloquially referred to as “GUT”, from Grand Unified Theory
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occurs. This expansion is the main explanation for the significant homogeneity of observed
space, and by extension, the small anisotropy that exists in cosmic microwave background
radiation. Immediately thereafter, quarks and anti-quarks come into existence due to the
“latent energy” (to further the gas-to-liquid analogy) released by the phase transition.
At this time, (∼ 10−12 seconds) the universe is dominated by quarks and anti-quarks,
each having a non-integer Baryon number of magnitude of 1/3. It is here where an as-of-
yet unconfirmed B → B̄ process allowed for matter to dominate over anti-matter in the
universe. Beyond that, further cooling allowed the formation of hadrons which exist under
conditions that allow the four fundamental interactions to be fully separated. These mediate
interactions in ways that are familiar to current experiment capability and theoretical
understanding.
1.1.1 Baryon Number Violation (BNV)
In the simplest of explanations, the excess of matter in the universe could be explained by
having that imbalance be an initial condition of the Big Bang. This, however, is in conflict
with the need for an inflationary period afterwards, and during that expansion and cooling
the erasure of any existing particle density, baryon or lepton. So, the need for a Baryon
and/or Lepton Number violating process is the only explanation for the present imbalance
of matter over anti-matter.
This basic explanation suggests that a BNV process exists. Said BNV process is one of
the three conditions as noted in Sakharov (1967), which must be satisfied to allow for the
observed excess of matter over anti-matter in the known universe, or “Sakharov Conditions”:
• There must be at least one process that violates Baryon or Lepton number.
• Charge Asymmetry and combined Charge-Parity Asymmetry must be allowed, thus
providing that transformation rates between matter and anti-matter are not equal.
• The local environment must be such that particle interactions are possible outside of
thermal equilibrium.
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One notes that the later two conditions are required to ensure that the effect of the first
condition is not completely compensated for by inverse processes. Unfortunately, these three
conditions do not precisely specify the mechanism by which BNV occurs.
1.2 Neutron Oscillation into Antimatter
The experimental observation of a global Baryon Asymmetry in our universe is supported
by no significant observation of the annihilation of matter with anti-matter [Cohen et al.
(1998)], suggesting that there is no anti-matter left for matter to annihilate with. This
also means that the asymmetry we observe is not strictly a local phenomenon, but one
that is true globally across the whole of the universe. Following ideas of inflation theories
which claim that the initial state of the universe is neutral and thus has no total baryon
charge, one has to identify some mechanism that prefers matter over anti-matter as an
equilibrium state below certain energy scales. Said energies must be below the electro-weak
phase transition and violate (B−L) conservation as shown by Kuzmin et al. (1985). Models
utilizing the concept of baryogenesis during the electro-weak phase transition and post-
sphaleron baryogenesis [Babu et al. (2006), Babu et al. (2007), Morrissey and Ramsey-Musolf
(2012)] provide mechanisms that allow for observation of baryon number violation in the form
of a ∆B = 2 transformation, and also provide a means by which such a transformation could
occur during the early development of the universe. These mechanisms constrain the range
of transformation times that are possible for such a transformation to occur. That said,
an experimental pursuit of such an observation provides significant impact with regards to
informing the current set of baryogenesis models [Phillips et al. (2016)].
Models of n → n̄ transformation are predicated on the fact that they facilitate the
observed matter-antimatter asymmetry in the universe. These models suggest that the
discovery of free neutron oscillations with times beyond the current lower limit of 0.86× 108
seconds [Baldo-Ceolin et al. (1994)] would probe energy scales above 100 TeV, and thus will
inform many models in an energy range that is well above current collider capability. Some
Grand Unified Theories also show that utilization of the seesaw mechanism involved in the
neutrino mass will also predict n → n̄ oscillation times that can be reached with a new
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Figure 1.1: The distribution of oscillation times τn−n̄ over a range of PSB model parameters
[Babu et al. (2013)].
generation of experiments [Mohapatra and Marshak (1980b)].
Additional inspiration towards a new experiment in this scale is the aforementioned
post-sphaleron baryogenesis (PSB) concept which requires a mechanism for oscillation at
or below the electro-weak energy scale. This concept provides a hard upper limit on the
possible oscillation time to be 5 × 1010 seconds [Babu et al. (2013)]. That said, there is a
range of possible oscillation times within this framework that depend on model parameters
such as di-quark masses, symmetry breaking energy scales, etc, as seen in figure 1.1. This is
a limit that can be partially explored with modern experimental methods. An experiment
that detected n→ n̄ would significantly narrow down this parameter space, and thus inform
further theoretical undertakings.
1.3 Phenomenology of Neutron to Anti-neutron
Oscillation
The oscillation of a neutron n into a distinctly different, albeit theoretically reasonable, anti-
neutron n̄ is an example of a two-level quantum system, which can be understood utilizing












Here we see the off-diagonal parameter ε, which is the mixing amplitude (or mass
splitting) of n and n̄ that is provided by aforementioned high-energy theoretical models.










The first term is the mean energy of the system and the second term is the “oscillation
frequency”, or Ω. Thus, the difference between energy states is found to be





+ ε2 = 2Ω (1.3)
The idea of a neutral particle being its own anti-particle is a concept that dates back
to the early 20th century by Ettore Majorana [Majorana (1937)]. In his publication, a
symmetric theory was proposed which suggests that due to the lack of complex component
of the wave function, there are no negative energy states for neutral half-spin particles, and
thus there is no anti-neutron state.
With this in mind, and given that there is confirmed experimental existence of an anti-
neutron [Cork et al. (1956)], one can infer that the two are one in the same, a familiar
quantum mechanical concept. Taking this further, one can develop a Hamiltonian for such
a two-level system n and n̄, (here ~ = 1)
H =
 mn + ~µn · ~B − iλ/2 ε
ε mn̄ − ~µn · ~B − iλ/2
 (1.4)
Assuming CPT invariance (an experimentally confirmed assumption [Tanabashi et al. (2018),
Kostelecký and Russell (2011)], the mass mn and beta-decay rate λ are the same for both
particle eigenfunctions. For the same reason, the magnetic dipole moment for the neutron
µn is supposed to be equal but opposite to that of the anti-neutron, yielding µn̄ = −µn.
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Thus, the difference in energy between the truly free neutron n and the anti-neutron n̄ in a
magnetic field is strictly due to equal and opposite magnetic dipole values and the mixing
term ε, yielding ∆Enn̄ = 2
√
µ2nB
2 + ε2 and Ω2 = µ2nB
2 + ε2. Accounting for these differences
in the energy eigenvalues of this quantum system, one can infer a solution (in natural units)





1.3.1 Oscillation Suppression in a Magnetic Field
Equation 1.5 clearly shows that in the presence of a magnetic field (when Ω  ε) the
neutron oscillation probability is significantly suppressed. It was argued in Gardner and
Jafari (2015) that while the energy levels between a neutron and anti-neutron of like spin
is strongly coupled to B, the Hamiltonian prescribed in equation 1.4 only accounts for one
spin component. Furthermore, a Hamiltonian was proposed that represented both spin states
in the neutron/anti-neutron system, suggesting that the difference in the energy between
opposing spin-states is effectively zero. Thus, an additional mixing term is introduced, δ
that would facilitate oscillation between n(s) and n̄(−s).
However, it was shown in Berezhiani and Vainshtein (2015) that the four distinct energy
eigenstates only come about due to an incorrect assumption about the spin dependence of
any ∆B = 2 transition. The assumption being that the oscillation was in fact a transition
that did not conserve angular momentu; an invalid statement. In Gardner and Yan (2016),
the error was confirmed, and furthermore declared that the original Hamiltonian in Gardner
and Jafari (2015) violated CPT and Lorentz invariance. Ultimately, the consensus was
that neutron/anti-neutron oscillations will be suppressed in any magnetic field, as originally
stated in literature [Mohapatra and Marshak (1980a)].
1.4 The Quasi-free Condition
As mentioned in section 1.3.1, one notes the significance that the local magnetic field plays
in understanding the probability of transformation, in particular in the regime where Ω is
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Figure 1.2: Probability of oscillation versus magnetic field as determined by equation 1.5.
The blue trace is the oscillation probability assuming that the mixing parameter energy is
at the current observed lower limit, and the purple one is the mixing parameter value at the
upper limit of current PSB model parameter ranges, as seen in Figure 1.1.
very small. The transformation frequency Ω has a significant magnetic field component that
drives down the amplitude of the transition probability as in seen in equation 1.5. Thus,
free neutron times need to be made short such that sin(Ωt/~) ∼ Ωt/~ to ensure that the






These terms facilitate enhancement in the probability of transformation via what is
termed the Quasi-Free condition. This condition is what allows any residual magnetic field in
the environment to remain, and depending on the value of the mixing parameter ε, dictates
the allowed upper limit of that field. From Baldo-Ceolin et al. (1994), we know that the
value of the mixing parameter ε is no greater than 7.65× 10−24 eV, and we assume that the
reasonable lower limit is on the order of 10−27 eV [Babu et al. (2013)].
One can see the benefit of this condition in figure 1.2, where the transformation
probability rolls off significantly at 20 nT over the range of mixing parameter values relevant
to a modern experimental search and a free flight time of one second. Within this prescribed
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Figure 1.3: Quasi-free magnetic field Limit versus free flight time. The trace value is taken
at 10% of the peak probability for any given mixing parameter, ε. One notes the nominal
cold neutron free flight time on the order of 0.1 seconds, intersecting in the range of 50 nT.
search range that point occurs quite consistently, thus it behooves one to investigate the
impact free flight time has on allowed magnetic field limits.
The obvious trend is that the longer free flight time requires substantially lower field
conditions, and for the regime of cold neutrons (v ∼ 1500 m/s) with a nominal flight path of
200 meters, one finds a requirement to maintain field condition at or below 50 nT, as seen
in figure 1.3.
1.4.1 Field Measurement and Cancellation
Given the importance of minimizing the magnetic field to the 10−8 T range, any experiment
will need to employ some means by which to shield the evacuated flight tube from the Earth
ambient field. The intensity of the ambient field is between 10−5 and 10−6 T, yielding a
needed shielding factor of about 103. At these levels, passive shielding can be sufficient if
designed correctly.
Quantification and ultimate cancellation of the ambient field in a free-flight neutron
oscillation experiment was documented in Bitter et al. (1991). Here, the ambient field that
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Figure 1.4: A neutron beam is polarized and allowed through a magnetic field volume
facilitating imaging of the local field magnitude [Piegsa et al. (2009)]. Using the same
concept would allow for sensitive measurement of small fields over long distances.
required canceling was not just due to the earth, but also moving equipment made of ferrous
material. The cancellation strategy ultimately used was that of µ-metal shielding to cancel
the microTesla-level field components transverse to the beam trajectory, and a wound-wire
solenoid along the whole of the experiment to cancel out any residual axial effects left by
the passive shielding.
Given the large volume to be shielded, measurement of the field and its effects on
a neutron beam configuration could be challenging. Previous experiments used flux-gate
magnetometers on a cart to traverse the volume of the experiment, and required 15 minutes
of shutter-closed time to scan the field [Bitter et al. (1991)]. This would likely be a
suitable method for monitoring the field, but there were limitations as to the extent of
the measurement capability.
Improvement may be seen using instrumentation that leverages the spin precession
character of the neutron. This would be a good way to understand the total beam exposure to
any magnetic field that may still exist in the system. Since this a would be direct observation
of the field conditions by the beam to be used for experiment, the method facilitates a high
level of confidence.
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As seen in Piegsa et al. (2009), the line-integrated field intensity can be directly observed
using a properly prepared polarized beam before the volume to be monitored. This beam
would then be subject to precession effects by any magnetic field along the beam trajectory.
The sum of this field exposure would then result in a measurable change in the precession
angle, by analyzing the average polarization state of the beam, as seen in 1.4. This change





Here, s is the distance through the field volume, mn is the neutron mass, γn is the neutron
gyromagnetic ratio, B is the field intensity, and λ is the wavelength of the neutron. In the
case of imaging, there is a desire to resolve B in the transverse plane of the beam trajectory.
For the need of average field monitoring however, the total beam effect is more desirable,
and thus it would only be necessary to resolve the change in angle in a few key locations at
the end of the experiment, rather than many points across the beam. We shall consider the
precession angle resolution to confirm the existence of an average field intensity B of 10 nT
over a length of 200 meters, using 2.6Å neutrons.
Under these conditions, we can expect the line-integrated field to induce a change in angle
of approximately 1 radian per 10 nT of field over the distance. This is notably sensitive, and
should be evaluated further as a less invasive method by which to determine the residual
field in any neutron-based experimental endeavor.
All of the this said, the effort needed to shield a volume that could be as large as 2500
cubic meters will not be small. Constant monitoring with confidence in the field conditions
throughout the entire runtime is absolutely essential to the success of this type of experiment.
1.5 Phase Disruption due to Reflection
More contemporary publications claim that the process of reflection off of certain materials
does not disrupt the phase of the outgoing particle relative to the incoming one [Nesvizhevsky
et al. (2018a)], thus nullifying the requirement that the probability versus time be reset with
every nucleus interaction. This suggests that the need for a minimal number of reflections
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to increase the quadratic time component of the probability depends on the medium that
the neutron impinges upon. Put more succinctly, a reflection does not necessarily reset the
free-flight-time accumulated over the entire neutron trajectory. Thus, the mean neutron free-
flight time 〈t2〉 for such an experiment can be substantially increased even with a geometry
that is more like a guide (many bounces) rather than a focusing optic (one bounce). The
relaxation of this requirement allows for easier design for both the transport optic and the
magnetic field cancellation equipment that needs to encompass the optic.
The lack of phase disruption is based on the recent increase in confidence of anti-neutron
scattering lengths with normal nuclei [Dai et al. (2017)]. This improvement in uncertainty
of those scattering lengths is due in part by analysis of new data on proton/anti-proton
scattering in the low-energy regime and their agreement with models describing low-energy
anti-nucleon interaction with nuclei.
Understanding the amount of phase change associated with a reflection occurrence is
integral to quantifying the impact on an experiment sensitivity. There are three phase
shifts of interest in each reflection that dictate the “preservation” of phase before and after.
These are the phase shifts of the neutron before and after a reflection, the anti-neutron
before and after a reflection, and of a coherent wave-packet combination of the two after
a reflection. Experimental determination of the phase-shift of a neutron reflection under
real-world conditions would be a good start to understanding the magnitude of these phase
shifts. This would facilitate further understanding of the real impact additional reflections
would have on the sensitivity of an experiment that incorporated normal reflector materials
in its design.
1.6 Summary of Work
The concepts presented in the previous sections will be further expanded upon in the ensuing
chapters.
Chapter 2: A phenomenological description of the process of neutron/anti-neutron
oscillation, as well as different experiment types, prior experimental attempts, and a
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proposed experiment design that should improve the most recent experiment sensitivity
by a factor of 1000 in a run period of a few years.
Chapter 3: A survey of neutron sources utilized for experiment, their design and
a detailed look at the development of the soon-to-be-realized European Spallation
Source (ESS). Additional concepts integral to the understanding and advancement of
cold neutron transport technology and experiment design at world-class neutron source
facilities will be presented.
Chapter 4: Fundamental neutron optics concepts, reflection (including that beyond
the critical angle), and focusing geometries. Simulation results of those various
geometries using sources from Chapter 3 will be also be presented.
Chapter 5: The concept of differential reflecting geometries, theoretical analysis and
application to a neutron/anti-neutron oscillation experiment at the ESS. A detailed
description of the benefits of such a geometry and simulations showing an enahncement
will also be presented.
Chapter 6: Novel neutron reflection media. Nano-diamond powder has shown to be
a means by which to reflect Very Cold Neutrons (VCN). Utilizing the same concept,
a model is developed that simulates grazing-incidence angle cold neutron scattering
into a quasi-specular reflection distribution. This is done via a densified nano-diamond
powder bulk material, which should be much more resilient under high radiation and
thermal loads near a neutron source. This would be used to capture an even larger
solid angle of neutron phase space closer to the source.
Chapter 7: Summary of results and final experimental design concept and parameter
space.
The goal ultimately is to show via simulation of technically feasible experiment designs
that a significant improvement in neutron/anti-neutron oscillation experiments can be
realized. This should unequivocally prove that Baryon Number Violating processes exist,





As mentioned in section 1.2, there is a wide body of work that searched for possible
transformation of a free neutron to an anti-neutron, a process that violates Baryon number
conservation and provides insight to the origin of matter in the natural universe. From this
work, experiments with free neutron beams have been developed [Fidecaro et al. (1985),
Bressi et al. (1990), Baldo-Ceolin et al. (1994)], but have yet to successfully observe said
phenomenon [Tanabashi et al. (2018)]. Nonetheless, these experiments set lower limits on
the oscillation time; a still important result, and provide inspiration and challenges to future
experimental designs and developments.
This chapter will focus on the experimental methods that can be used to detect a neutron
oscillation event. Those methods were focused on three directions for the experimental
observation of the effect: Intra-nuclear, Ultra-Cold Neutrons, and Cold Neutrons. Each
has its benefits and limitations; in some ways they are complimentary, potentially revealing
new physics of baryon number violation. Moreover, if the detected effects are significantly
different between experimental methods, this is indicative of additional physics to be explored
further.
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2.1 Neutron Oscillation in Nuclei
Given the number of bound neutrons readily available inside nuclei, one might consider the
observation of a neutron/anti-neutron oscillation within a large volume of long-observed,
well-defined nuclei. This is precisely what is done in some prior experiments [Jones et al.
(1984), Takita et al. (1986), Chung et al. (2002),[Abe et al. (2015)]. A large volume of
known nuclear composition is closely monitored in a well shielded environment. The detector
systems are complex enough that track reconstruction and particle energy measurements can
be performed, allowing for positive identification of the particle transformation products.
There are two main challenges here to overcome with regards to a viable experiment to
observe such an event, however.
The first is that the oscillation effect is suppressed within nuclei. This is because
the neutron/anti-neutron components of the system will experience a drastically different
potential inside of the nucleus, due primarily to the high absorption probability from
annihilation that the anti-neutron experiences within a nucleus. Furthermore, since this
probability depends on the location of the nucleon in the nucleus, the suppression factor
can vary depending on the nucleus in question. Utilizing a simplified thought experiment
one can imagine utilizing a model where a bound neutron is “free” to traverse a nuclear
potential well V , and the kinetic energy of a nucleon within the potential dictates the “free”
flight time ∆t. Thus, the value for ∆t not only depends on the nucleus that the nucleon is
contained in, but also the nucleon of a given energy within the potential, another complexity
in determining a specific nuclear suppression factor. One begins with Equation 1.5
P (∆t) =
ε2
ε2 + V 2
sin2
[√




Over the time period of the traversal, the contribution of the sin2 term provides a factor
of 1/2, yielding P = ε2/2V 2. From here, the true number of decays scales by the number
of “free” neutron occurrences per second, or 1/∆t, which is on the same order of V/~. This
yields a probability per second, or rate τA = V/P~
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Table 2.1: A Comparison of Intra-Nuclear Oscillation Search Experiment Sensitivities





1032 (n · years) Efficiency (years)
Kamiokande 1986 3.0 0.33 0 0.9/yr 0.43× 1032
Frejus 1990 5.0 0.30 0 4 0.65× 1032
Soudan-2 2002 21.9 0.18 5 4.5 0.72× 1032
SNO 2010 0.54 0.41 2 4.75 0.30× 1032











In this case, V is dictated by a specific nucleon with specific energy levels within a
specific nucleus. Nonetheless, the averaged value of ∆V (as a difference between potentials
of neutron and anti-neutron in nucleus, given what is known about nuclear shell structure)
is of the order of 10 MeV. This yields the usual exponential decay time τA for nuclei




For these types of experiments, the “nuclear suppression factor” R is a systematic effect
that needs to be determined using models from nuclear theory, and is on the order of 1022
per second. This suppression factor allows for derivation of the field-free neutron oscillation
lower limit from bound neutron experiment data, as shown e.g. in Dover et al. (1983) and
Friedman and Gal (2008), where the calculated value is 5×1022 per second for Oxygen. More
recent calculated estimates for Argon are on this same order as well, specifically 5.6 × 1022
[Golubeva et al. (2019)]. This relates the scale of the free neutron oscillation time, 108
seconds, to the intra-nuclear decay time scale, which is on the order of 1032 years.
The second challenge is associated with signal identification which would be indicative of
oscillation above the background. These would ultimately manifest as nuclear fragments
and annihilation products originating from the nucleus where the oscillation occurred.
The constituents of said fragments and their energies can vary depending on the nucleus,






































Figure 2.1: (A) Monte Carlo simulated nn̄ signal data. (B) Monte Carlo simulated
atmospheric neutrino data. (C) Candidate events taken from Super Kamiokande experiment
run [Abe et al. (2015)].
[Golubeva et al. (2019)]. Abe et al. (2015) describes in detail the complexities associated
with reconstruction of such a wide range of decay branch possibilities, all while competing
with atmospheric neutrino background, which cannot necessarily be distinguished from the
decay signal.
In particular, with regards to atmospheric background, Abe et al. (2015) shows a
substantial signal contribution in the discrimination window by atmospheric neutrinos, seen
in Figure 2.1. The expected nn̄ signal in Super-K should have zero total momentum for
all final state particles and total invariant mass to be that of two nucleons minus the
binding energy. These two event characteristics are used as discrimination parameters in
the Figure 2.1. After the Super-Kamiokande experiment ran for 1489 days there were 24
nnbar candidate events reconstructed with an efficiency of 12.1% within the selection box.
These reconstructions were consistent with expected nn̄ signal characteristics, and compared
to the estimate of 24.1 atmospheric neutrino background events expected from Monte Carlo
simulations for the corresponding run time. The box in the lower-right corner of each plot
constrains the final discrimination criteria that resulted in these events. The result concludes
at a statistical level that a lower limit for the nuclear lifetime due to nn̄ transformation for
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bound neutrons in oxygen nuclei is 1.9× 1032 years with 90% confidence. This corresponds
to a lower limit for free neutron oscillation time to be τnn̄ = 2.7 × 108 seconds, the highest
yet to date limit for free neutron nn̄ oscillations [Tanabashi et al. (2018)].
Thus, the results in Abe et al. (2015) produced the most sensitive limit to date. It also
demonstrated that further improvement of the detector size or measurement time (although
in principle should slightly improve the limit) cannot observe the nn̄ process due to the
irreducible background of atmospheric neutrinos. If there would be no such background,
one detected event would indicate the discovery with nuclear lifetime of τA ∼ 1035 years.
This is three orders of magnitude higher than the current Super-K limit [Phillips et al.
(2016)]. Recent attempts of the DUNE collaboration [Grojean et al. (2018)], presumably
using better quality of the final state detection in liquid Argon, have not yet demonstrated
that atmospheric neutrino background can be totally excluded. To sum it up, until a better
means by which to reject atmospheric neutrino background is developed, large-volume intra-
nuclear searches for nn̄ will not be able to improve in sensitivity.
2.2 Free Neutron Oscillation Observation using
Ultra-Cold Neutrons (UCN)
The most obvious means by which to observe a free neutron anti-matter transformation
would be to increase free oscillation time ∆t. This time is naturally limited by the neutron
lifetime τβ ∼ 880 seconds. The external magnetic field ∆V should satisfy the quasi-free
condition, based on the known free-flight time of the neutrons, and it seems that this can be
realized using ultra-cold neutrons. Ultra-cold neutrons have a velocity of ∼ 4 m/s or less and
have a high probability of reflection at all incident angles from certain materials. As noted in
section 1.4, the probability of oscillation can be suppressed given a certain field condition and
free flight time, thus the field should be kept to as low a value as possible, nominally to 10 nT.
In addition, each reflection will reset the phase (e.g. Marsh and McVoy (1983)), and thus the
free flight nn̄ oscillation probability over time. As a result, the transformation probability is
not increasing as (k∆t)2 but as k(∆t2), where k is the number of wall collisions of UCN and
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∆t is the average time between collisions. Second order effects challenging this sensitivity
limit calculation include accounting for the beta-decay time, the number of bounces, and
absorption on the walls. These can be incorporated by including the exponential decay term
included in equation 1.5 with the “holding” time Th, and bounces per neutron b, both of
which are very dependent on the technical specifics of the experiment. In particular, the
shape and size of the holding volume will dictate the free-flight time, and the wall material,
treatment and temperature will dictate the probably of absorption and up-scattering of the
UCN during reflection.
This means that given the right experimental conditions, one could provide a mean
free-flight time ∆t in a large trap on the order of 0.1 seconds and the same neutron can
be “reused” about k ∼ 1000 times. The sensitivity of an experiment based on ultra-cold
neutrons in the trap will depend primarily on the production rate of UCN.
That said, one can infer a probability of observation from this configuration, beginning
with equation 1.5. Assuming that the local magnetic field is nullified sufficiently such that
no point within the volume has a field intensity more than 10−7 T, a sensitivity can be found






















Thus, given a UCN experiment that is looking for a single decay from a large group of
neutrons with a free-transit time of ∆t = 0.1 seconds, one can determine a sensitivity limit.
Based on an experiment that will fill a large chamber (V = 106 cm3) with UCN intensity of
I = 108 neutrons/second repeatedly over one year (T = 107 seconds), one finds with 90%















0.435× 10810310710−2 = 6.56× 107 seconds (2.4)
No nn̄ search experiments following this technique so far have been performed, but they
have been proposed. The most recent experiment proposals [Fomin et al. (2017, 2018)]
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would utilize a UCN production rate of > 108 per second from the converter installed at
the WWR-M reactor in St. Petersburg, Russia. That experiment is expected to reach
a sensitivity corresponding to the oscillation time 2.7 × 108 − 5.4 × 108 seconds or more,
depending on the number of time resets of the neutron due to wall collisions. The concept
of phase reset was discussed in more detail in section 1.5.
The most notable limitation with regards to utilizing UCN for this observation is that of
the tracking detector utilized for detecting such an annihilation process. The annihilation
event would take place on the walls of the container with no magnetic field to elucidate
the mass or charge of the particle fragments that result from such an event. Given these
limitations, a UCN experiment would pose significant challenges on the path to observing a
nn̄ process.
2.3 Field-free Neutron Oscillation Observation using
Cold Neutrons
Intra-nuclear searches should in principle provide high sensitivity but the suppression of the
background signal inhibit their practical observation limit. The use of UCN in experiment
concepts leverage high free-transit times to enhance sensitivity, but are limited in number
and would be challenging to detect a signal from, thus limiting the sensitivity. This leaves
cold neutrons (those that have a velocity around 2000 m/s or lower), which are much easier
to produce, and utilized widely throughout the world for a multitude of science experiments.
That said, one can leverage the already known quasi-free field limit described in equation
1.5 to produce a sensitivity criteria. These criteria are based strictly on the mean free-
transit time of a large quantity of neutrons that impinge on a target a fair distance (on the
order of 100 meters) away from the source. This geometry also has the benefit of providing
distinct regions where the neutron is traversing a magnetically shielded volume (to encourage
oscillation), and a not shielded (usually field controlled) volume where the annihilation foil
can reside inside of a tracking detector system. An experiment using cold neutrons utilizes




















Since the typical cold-neutron beam spectrum includes a significant velocity range (200-
2000 m/s), the free-flight time ti is also significantly varied. Thus, it behooves one to utilize









Furthermore, an experimental sensitivity criterion or Figure-of-Merit (FOM) can be
surmised that is independent of run-time.
FOM = Φ〈t2〉 (2.7)
This FOM, whose units are neutron-seconds, is the main factor that is compared amongst
experiments both past and future, and will be the means by which experimental sensitivity
will be discussed in this work.
Much like in equation 2.4, a lower limit for neutron oscillation can be surmised from the
non-observation of any events above background. One sets the lower limit of oscillation with






The value of N̄ = 2.3/ε is the 90% confidence upper limit for non-observation of an event





Here, λ is the expected (most probable) value in the distribution, and k is the actual
number of observed occurrences. For the case of non-observation (k = 0), one integrates
the distribution function from the beginning of the range (λ = 0) up to the λ where the
integral value equals 0.9, yielding λ = 2.3. If an event were observed with no background (as
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Single event observation, k=1
Figure 2.2: A graphical representation of the 90% confidence interval for non-observation
(red), and 68% confidence interval for a single event observation (blue) during the run-
time of the experiment. These Poisson mean-value probability distributions are critical to
setting limits of the oscillation time τnn̄ in the regime of low-statistics observation during
the experiment.
was done previously [Baldo-Ceolin et al. (1994)]), then N̄ = λ/ε = 1/ε, which is the most
probable value in the distribution for observing a single event (k = 1). The 68% confidence
interval for this single event observation spans λ = [0, 2.34]. A graphical representation of
this confidence interval over λ can be seen in Figure 2.2.
2.4 Previous Beam Experiments to Observe Neutron
Oscillation into Anti-matter
The first attempts at observing neutron transformation into anti-matter began in the 1980’s,
when experiments capable of testing new Beyond Standard Model (BSM) theories were
devised. The very first experiment of this type was performed at the Institut Laue-Langevin
(ILL), with the main goal of understanding experimental challenges and methodology in
a free-neutron beam oscillation experiment [Baldo-Ceolin (1984),Fidecaro et al. (1985)].
The experimental setup is seen in figure 2.3, and exemplifies a typical free neutron beam
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Figure 2.3: Schematic of the first free field beam based oscillation experiment [Baldo-Ceolin
(1984)]. Here the beam travels from right-to-left and the experiment set a lower limit on
oscillation time to be τnn̄ ≥ 105 seconds.
experiment to observe neutron oscillation into anti-matter. To start, an intense source of
cold neutrons is utilized for their low velocity, in order to maximize the mean free transit
time t. Said neutrons are guided away from the line-of-sight of their source, allowing a means
by which to extract the desired neutron velocities, and reject other disruptive particles such
as fast neutrons and gamma rays. They are then projected down a drift-tube that maintains
a vacuum pressure and magnetic field low enough to minimize the energy gap between the
states Ω as seen in equation 1.3. Phase II and III of this experiment were performed by the
same group, and yielded results that set the free oscillation time to be τnn̄ > 10
5 seconds.
2.4.1 1990 ILL Free Neutron Oscillation Experiment
The most recent attempt at experimental observation of neutron oscillation into an anti-
neutron using a beam was at ILL in 1990. That experiment ran for almost one year, and
provided the highest free-field neutron oscillation limit to date, 0.86 × 108 seconds [Baldo-
Ceolin et al. (1994)].
The neutron source was a large volume of liquid deuterium within the high-flux reactor
at the ILL. The 25K source produces a significant cold neutron intensity and makes it
available to many experiments throughout the facility via a range of neutron guide sizes and
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Figure 2.4: The 1990 ILL Experiment Configuration [Baldo-Ceolin et al. (1990)]. In this
experiment, the beam travels from left-to-right, and ultimately set a lower limit on free
neutron oscillation to be 0.86× 108 seconds
shapes. The guides for this experiment in particular were curved slightly to eliminate parts
of the spectrum that were deemed inconsequential to the sensitivity, and also for enhanced
background rejection. At this point, the total beam intensity was measured and found to
be 1.3 × 1011 neutrons/second, with an average velocity of 600 m/s, and divergence of 5.7
millirad.
From this point, the neutron intensity travels another 88 meters to the annihilation
target, resulting in an intensity distribution that would well exceed the diameter of said
target, strictly due to the divergence of the beam. The need for a focusing optic to ensure
a high intensity is maintained on the foil was obvious, and the solution was to use a horn-
shaped guide to lower the over-all divergence. The device was a slowly-tapered straight guide
section that was designed to minimize losses due to poor reflectivity by accounting for the
transverse beam velocity via Monte-Carlo simulations. The result was a system of reflectors
that were coated with polished Nickel and ultimately lowered the average divergence of the
beam by a factor of 2.7.
The focused beam emerged from the reflector already having traveled 32.6 meters into
a drift-tube. The drift-tube was 81 meters long and utilized passive magnetic shielding
materials to nullify the ambient magnetic field along the entire length. The end of the
81 meter drift-tube connected directly to a vessel that contained the annihilation target
made of 130 micron thick carbon foil with diameter of 110 cm. The foil facilitated a 99%
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Figure 2.5: An on-beam view of the The 1990 ILL tracker detector [Baldo-Ceolin et al.
(1990)]. This is the same equipment shown on the right side of figure 2.4.
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Table 2.2: A Comparison of Oscillation Experiment Sensitivities [Fidecaro et al. (1985),
Bressi et al. (1990), Baldo-Ceolin et al. (1994)].
Experiment
Intensity Avg. Flight Avg. Speed Relative τnn̄ Limit
(n/s) Time (seconds) (m/s) Sensitivity (FOM) (seconds)
ILL 1985 1.5× 109 0.026 161 0.015 1.3× 106
Pavia 1989 3.2× 1010 0.008 2300 0.002 4.7× 105
ILL 1990 1.3× 1011 0.109 600 1.000 8.6× 107
probability of annihilation with an anti-neutron, and a high transparency to the neutron
beam. Nonetheless, there was still a probability of scattering neutrons into other detector
components, as well as the small possibility of absorption by the carbon. The annihilation
region was confined by an aluminum tube which could capture scattered neutrons and create
a gamma background intensity that would be picked up by the tracking detector. Thus, 6Li
was utilized between the foil and the tube to minimize contamination of the signal by high
energy photons. Beyond the annihilation foil, a beam dump made of LiF absorber was used
to minimize back-scattering signal noise in the tracker.
The figure of merit for the ILL experiment is determined to be Φ〈t2〉 = 1.5 × 109
neutron·seconds. Given the effective run time of 2.40 × 107 seconds, and no annihilation







= 0.86× 108 seconds (2.10)
Here, I is the incident intensity of neutrons on the foil, T the total run time, d the detector
dead-time, η the efficiency in the free-flight condition, ε the detector efficiency, and N̄ = 2.3
for 90% confidence of non-observation, as explained in section 2.3.
This being the most sensitive free-flight measurement to date, it is used as the metric
by which all other experiments (past and proposed) will be gauged. Table 2.2 shows this
comparison, including some other features that provide context to the evolution of these
experiments.
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2.5 Proposed NNbar Experiment for Source
Comparison and Optimization at the European
Spallation Source
With the exception of the the focusing optic geometry, the proposed modern NNbar
experiment is not much different from the experiment design utilized at ILL in 1990. The
components of most interest for understanding performance characteristics and sensitivities
are:
• A source term that provides a complete phase-space description of neutron emission.
• An initial source interface (collimator or reflector) that provides a well defined and
large solid-angle input to the focusing optic.
• A focusing optic that can gather and reflect the intensity on to the annihilation foil.
• Apertures that minimize the neutron intensity that will not make it to the target.
• A tracking detector and calorimeter geometry that facilities reliable imaging of
fragment tracks in order to determine a vertex on the annihilation foil. This is critical
to ensuring sufficient background suppression.
That said, and given as-built source terms from neutron simulation packages (McStas,
MCNP, etc.), experiments of this type can be simulated and optimized with relatively little
effort to first order.
To meet these design criteria, one has defined the following initial parameters for an
experiment that can easily provide a sensitivity three orders of magnitude better than that
described in Baldo-Ceolin et al. (1994) given sufficent run-time.
• The source term needs to provide a cold (∼1000 m/s) spectrum, otherwise the free
flight time t will not be long enough to facilitate any improvement in the sensitivity.
Cold neutrons will reflect with higher probability at high incident angles, facilitating
better focusing performance. The source should also provide cold intensities on the










Magnetic Shielding and Vacuum Tube
Figure 2.6: Schematic of the proposed next-generation NNbar Experiment Geometry. The
goal of the new focusing reflector concept is to design an experiment that would produce a
1000 factor increase in sensitivity over the ILL experiment in 1990. This will be achieved
using novel focusing optics, high reflectivity surfaces, an intense source, and a low-background
tracking detector configuration.
• The reflector must be efficient, which is dictated not just by the geometry definition,
but also the reflectivity performance (or “m-number”) as it pertains to the initial source
term. Initial parameters will define an ellipsoidal geometry as proposed in Kamyshkov
(1995), with surface reflectivity up to six times higher than that of polished Nickel
reflectors (m=6). The ellipsoidal reflector will only be realized between the first 10
and 50 meters of the distance between the source and the foil, and have a minor radius
of approximately 2 meters.
• An annihilation foil that sits 200 meters away from the source. Given the low-velocity
spectrum and this significant distance, gravity will need to be accounted for in any
experiment simulation.
• Practical and optimized implementation of all of the above.
All of these parameters are diagrammed in figure 2.6.
Even before simulations, one can determine how these parameters impact the figure-of-
merit given fixed source characteristics (intensity and spectrum) and annihilation foil radius.
Starting with equation 2.7, we can say that a fixed source of total intensity N will project a
partial intensity Φ a distance L that goes like the inverse-square law. We can also say that
the mean free-flight time 〈t2〉 is determined via the mean velocity 〈v2〉 and the distance of
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Figure 2.7: A simple Maxwell-Boltzmann velocity distribution used as a spectrum for a
hypothetical neutron source.
the annihilation target to the source, L.













This result makes the point that increasing the distance L, to first order, has no impact
on the figure of merit. Thus the need for a focusing reflector to mitigate the inverse-square
fall-off of the annihilation foil incident intensity becomes obvious. The solid-angle that is
intercepted by the reflector has no bearing on the position of the target foil, and with that
the improvements to the FOM due to the trajectory length L is retained.
Beyond that first-order estimation, using a point source with a Maxwell-Boltzmann
distribution of velocity one can perform idealized simulations to understand the feasibility
of certain configurations, as well as further study its parameters. The velocity distribution
of such a source is seen in Figure 2.7.
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Table 2.3: A comparison of oscillation experiment sensitivities from table 2.2 with the
addition of the hypothetical experiment (in bold)
Experiment
Intensity Avg. Flight Avg. Speed Relative τnn̄ Limit
(n/s) Time (seconds) (m/s) Sensitivity (seconds)
ILL 1985 1.5× 109 0.026 161 0.015 1.3× 106
Pavia 1989 3.2× 1010 0.008 2300 0.002 4.7× 105
ILL 1990 1.25× 1011 0.109 600 1.000 8.6× 107
Hypothetical 5.35× 1012 0.240 875 191.4 1.2× 109
This, in combination with
• A total source intensity of 2×1014 neutrons/second and average brilliance of 6.7×1013
neutrons/(seconds·steradian).
• An ellipsoidal reflector that begins at 10 meters, ends at 50 meters, uses a minor radius
of 2 meters and a reflectivity of m=6.
• A target that sits 200 meters away from the points source
• Both the source and the target sit at the ellipsoidal reflector’s foci.
The sensitivity of this configuration is found by simple simulation to be approximately
190 times that of the ILL experiment per year of operation, and foil intensity plots are seen
in figure 2.8. This is based on an operating schedule typical of most large-scale neutron
production facilities, nearly 5000 hours per year, and utilizing a cold neutron source with
typical brightness. One can see in Table 2.3 that this type of experiment would provide a
substantial improvement to the current upper limit of the oscillation time, and by extension
higher potential for discovery.
This simple simulation can also be used to understand the impact certain parameters can
have on this sensitivity, given the parameter space will impact the feasibility and over-all cost
of the experiment. For example, a scan of the reflectivity limit (m-values) of the ellipsoid
surface can provide a range of sensitivities. The cost of the mirror-system scales with both
size and reflecting capability. From this, a correlation can be inferred between experiment
sensitivity and experiment cost.
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Figure 2.8: Simple analysis of a hypothetical NNbar experiment utilizing the spectrum
from Figure 2.7. (Top) Vertical and (Middle) Horizontal Spatial Distribution of Intensity
and FOM. (Bottom) FOM scan of a one meter radius annihilation target centered across a
range of heights.
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Figure 2.9: Parameter scans of the reflectivity (Top) and ending position (Bottom) of the
reflector. This scan utilized the same Hypothetical NNbar experiment geometry and source
as in figure 2.8.
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Table 2.4: A table describing expected gain factors as attributed to different experimental
features. The gains to be had are relative to the experiment described in Baldo-Ceolin et al.
(1994).






Parameters of interest with regards to understanding the sensitivity versus cost include
not just reflectivity, but reflector length, segmentation, and position, as well as annihilation
foil position and geometry. Annihilation target parameters other than distance from the
source can impact the experiment sensitivity, but those impacts are realized mainly within
the tracker detector design, which is outside the scope of this work. Here, we only focus on
the delivery of the beam intensity. Plots describing the impact reflector length and m-number
have on the experiment figure-of-merit can be seen in Figure 2.9.
While simple simulations can be done to estimate sensitivity as compared to prior
experiments, their realization is the optimal implementation of the features that drive the
simulation parameter space. This work will expand on some of those specific challenges and
provide mitigation strategies in the form of detailed simulations, with the goal of providing an
improvement in experiment sensitivity of a factor of 1000 times better than the one described
in section 2.4.1. Ultimately, these results will inform a future experiment to observe Baryon
Number Violation in the form of neutron/anti-neutron oscillation.
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Chapter 3
NNbar Experiment Possibilities at
the European Spallation Source
Any modern experiment that aims to observe the oscillation of a neutron into an anti-
neutron would require the utilization of a very intense source of cold neutrons. Such sources
are currently of the research reactor variety (HFIR, ILL, IBR-2), or of the accelerator
variety (SNS, J-PARC, PSI, and ISIS). These sources are typically used for neutron
scattering towards research and development and understanding of novel quantum, chemical,
engineering and biological materials. Accelerator sources produce neutrons via spallation
nuclear processes, while reactors utilize nuclear fission of uranium. These neutrons are
liberated with energies in the MeV range and then moderated down to energies in meV
range that are of use to the instrument suite designed around the source. Much care is taken
into the design of these moderators, of which both material and geometry matter greatly.
The European Spallation Source (ESS) is the newest of the accelerator-based sources to
be developed, and will produce neutrons for commissioning of its instrument suite in 2021
[ERIC (2019)].
The advent of this new source provides a significant opportunity to develop an nn̄
experiment to observe directly the violation of baryon number. This is mainly due to
the fact that there has never before been opportunity to design a free neutron oscillation
experiment from the beginning of source construction. All prior attempts utilized existing
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sources, and had to make significant compromises in order to install the experiment. The
fact that ESS has a stated requirement in its charge to support neutron production for
fundamental physics purposes (in addition to more traditional materials development) also
contributes to the potential that such an experiment can be successful at that facility. Thus,
a significant effort was put into understanding the real capability that an NNbar experiment
could have as compared to prior experiments, given the current understanding of theories
that predict an oscillation time in the range of 109 to 1010 seconds. Throughout the source
and design process our group was charged with providing feedback as to the sensitivity
potential of an NNbar experiment given certain design parameters, and this task was my
role in the contribution to this experiment design. In addition to the source design, it was
also determined that substantial modification to the instrument interface will need to be
made in order to facilitate this type of high-intensity experiment. This chapter will describe
in detail that process, as well as the NNbar collaboration developments that have contributed
to enhancing the feasibility of an NNbar experiment at ESS.
3.1 ESS Capability
The ESS is an accelerator based, pulsed neutron source designed to ultimately operate at
5MW when all components have been installed and commissioned. A linear accelerator
accelerates protons to GeV level energies, and then focuses them on to a rotating Tungsten
target. This happens at 14Hz with ∼3 millisecond pulse width. The neutrons produced have
energies in the MeV range, and thus readily travel through surrounding materials and into
moderating media.
The initial design concept utilizes a cryogenic liquid hydrogen moderator volume that is
placed in close proximity to a tungsten target wheel, and is surrounded as much as possible
with Beryllium metal to facilitate reflection of fast neutrons back into the volume. The
moderator is considered for experiment development purposes to be the only source of
neutrons that provide any experimental value, given that other sources (i.e. the tungsten
target) would be of substantially higher energy. A significant effort is planned to shield both
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Figure 3.1: A rendering of the proposed European Spallation Source (ESS) plan layout.
The ESS is located in Lund, Sweden, and is a collaboration of many European Countries
[ERIC (2019)].
instruments and personnel from exposure to these high energy neutrons, as well as other
reaction products resulting from these very energetic particles.
3.1.1 Production of Spallation Neutrons
As designed, the linear accelerator will provide a broad-pulse of high-energy protons to be
bombarded into a tungsten target with an average power of 5MW. It is within the tungsten
nuclei that the neutrons initially reside. The spallation process is distinctly different from the
uranium-235 fission process. A high velocity proton collides with a heavy nucleus, imparting
a large amount of energy to induce what is called an “intra-nuclear” cascade condition, as
seen in figure 3.2. The intra-nuclear cascade is a state that causes reorganization of nucleons
within the nucleus, and the result is the “evaporation” of hadrons, accompanied by mesons,
photons and nuclear fragments from the excited nucleus. Depending on the kinetic energy
of those products, they can go on to produce inelastic interaction with other nuclei within
the target, thus inducing further cascades. The result is the production of many neutrons
from just a single incident proton, which for tungsten is on average 13.1 neutrons per 1 GeV
proton. These high-energy neutrons (∼10 MeV) are then moderated down to thermal (∼25
meV, 1.4 Å, 300K) or cold (∼ 5 meV, 4Å, 60K) neutron energies.
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Figure 3.2: The production of neutrons via the spallation process [IAEA (2009)]. A GeV
energy proton bombards a nucleus with a large number of nucleons, emitting a large number
of MeV energy neutrons.
3.2 Neutron Moderator Concepts for Cold Neutron
Sources
Neutron moderators traditionally have leveraged the strong tendency of the hydrogen
nucleus to scatter neutrons, even at higher energies. This feature, in conjunction with
the encapsulating molecule to absorb the kinetic energy imparted by those neutrons, means
that there is a wide range of materials and conditions available to meet this need. As
demand for cold (500 to 2000 m/s) neutrons has increased, cryogenic systems are the
natural solution to enhancing brightness [neutrons/(s·cm2·steradian)] at these velocities.
Cryogenic liquid hydrogen provides both a high interaction probability with neutrons, and an
ability to drastically reduce the velocity of neutrons from MeV to meV energies via multiple
collisions inside the moderating volume. In addition to these characteristics, the geometry
and materials utilized exterior to the main moderating volume are important to the overall


























Figure 3.3: Scattering and Absorption Cross Sections of Hydrogen from ENDF-VII
[Chadwick et al. (2011)]. One notes the drastic difference in scattering cross-section for
para-hydrogen as compared to ortho-hydrogen.
3.2.1 Utilization of Para-hydrogen in Cryogenic Neutron
Moderators
Cryogenic liquid hydrogen is interesting for another reason, that being the dependence of
the interaction of the neutron with the two different spin-isomers of the hydrogen molecule.
Para-hydrogen is a H2 molecule with its nuclear spins opposing, while Ortho-hydrogen is
the same molecule but with its nuclear spins aligned. Given the strong spin dependence
of nuclear interactions at lower energies, these two spin-isomers interact differently with an
incident neutron depending on its energy, most so when the wavelength of the neutron is near
that of the bond length of H2 or more. That difference allows for the para-hydrogen molecule
to possess a significant ability to down-scatter high energy (short-wavelength) neutrons, but
at the same time lower its probability for interaction with low energy (long-wavelength)
neutrons depending on their spin state relative to the molecule. The result is a source that
potentially provides significant brightness at low-energy due the relatively low opacity of
para-hydrogen, while still retaining a potent down-scattering effect at high-energy.
One sees the impact of this effect on the scattering cross-section per atom for 20K Liquid























Figure 3.4: Measured cross-sections from Grammer et al. (2015). There is a notable
discrepancy between the measured para-Hydrogen cross section (blue/left) and the one
provided by ENDV-VII (blue/right). The significantly lower total cross section (red) is
indicative of the dominance of the para-hydrogen state at 20K.
is considered the standard for cross-section references to be utilized for data analysis and
simulation, further underscoring their importance in understanding the effect. In order for
this to be relevant to moderator implementation, one must also know the population ratio
of ortho-H to para-H in the volume, which is strongly dictated by the temperature of the
medium [Dennison (1927)]. Given its importance across a wide range of fields, the value
of the cross-section for para-hydrogen across the neutron energy range of 0.1 to 50 meV is
looked at closely [Grammer et al. (2015)]. As seen in Figure 3.4, assuming that the cold
liquid volume is mostly dominated by the para-hydrogen state, there is a notable discrepancy
between the accepted values in Chadwick et al. (2011), and the high precision and highly
detailed values in Grammer et al. (2015).
Thus, the ESS moderator design and performance depends strongly on this effect. As
seen in Batkov et al. (2013), utilizing these values to simulate a nominally para-hydrogen
moderator allows for the opacity of the total volume to decrease substantially, thus increasing
the brilliance of such a moderator.
This opens up further the question as to the stability of the para-hydrogen population
under operation, as the moderation of the neutrons will impart some amount of energy into
that system. In Mei et al. (2018), a liquid volume of para-hydrogen was exposed to a 20MW
heavy water reactor flux. The conversion rate was found to be very low, on the order of 10−10
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Figure 3.5: The initially proposed moderator system for ESS from the 2013 Technical
Design Report [Peggs (2013)]. This initial design was intended to provide the same time-
averaged spectral brightness as the ILL cold source.
per second, suggesting a conversion amount of about 0.12% over 30 days of operation. Thus
the stability of a para-hydrogen volume held at cryogenic temperatures is quite good. Given
that a high powered neutron source would require a high flow of para-hydrogen to maintain
cryogenic temperatures, there would be ample opportunity to re-catalyze the ortho-hydogen
into the para-hydrogen state external to the high neutron intensity.
3.2.2 Evolution of Moderator Geometries at ESS
The aforementioned spin-isomer effect was leveraged to optimize the ESS moderator
geometry. This further enhanced the cold-brightness of the source. Impact of this effect
is seen the evolution its design.
ESS 2013 Technical Design Report (TDR)
The initial design goal of the ESS was to provide a cold brightness that was comparable to the
ILL reactor deuterium cold-source in operation in Grenoble, France. That said, since ESS is
a pulsed source and ILL a constant one, time-averaged brightness could only be compared.
This creates a significant challenge with regards to moderator design of ESS, but would
provide an impressive energy-resolving capability beyond the one currently provided at ILL.
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Figure 3.6: Hypothesized “pancake” moderator geometry [Klinkby (2014)] seen in dark
blue. Here, the green blocks are the tungsten of the spallation target.
While the pulsed brightness will be significant, this does not directly benefit a nn̄ experiment
search, as that search benefits little from any wavelength resolution. Time-averaged neutron
brightness is defined as neutrons/(cm2·s·steradian) from the moderator surface, and is
the main parameter that is utilized for comparison among neutron sources for scattering
instrumentation. This can be further broken down into spectral brightness, whose units
are neutrons/(cm2·s·steradian·meV), or neutrons/(cm2·s·steradian·Å). Other characteristics
for comparison are “cold brightness” and “thermal brightness”, which provide insight into
a source’s brightness over different velocity ranges pertinent to the final experiment design
goals.
The 2013 TDR design shows a simple canteen-style geometry that is not unlike that
of the cryogenic source at the Spallation Neutron Source (SNS) in Oak Ridge, USA. This
initial concept is an ideal place to start, as the SNS is the premier source that ESS would
be compared to once it was fully operational. That said, once the details of the spallation
target were finalized, further simulations and experimental confirmation work was performed
to further develop and understand novel moderator geometries.
Cylinder Moderator Geometries
Results of simulations and further confirmation by experiments showed that a low-aspect
ratio, nearly “pancake” shaped moderator would provide a high level of cold brightness when
sufficiently surrounded by reflector, as seen in figure 3.6. At the same time, these results
ensured a wide enough spatial distribution to accommodate the many ports to be utilized by
the instruments [Batkov et al. (2013)]. Those simulations provided an increase in brightness
that scaled by the inverse of the height. However, the overall intensity (neutrons/second),
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as well as the average flux (neutrons/(cm2· second)) saw penalties that would significantly
reduce the time-averaged cold intensity available.
Bi-spectral Hybrid Moderator
Given the large variety and number of instruments that the ESS would ultimately host, a
source that also provides more intensity in the thermal range (∼2200 m/s) of neutron energies
was deemed to be beneficial. With that thought in mind, pursuit of a hybrid moderator that
provides a high level of brilliance in both cold and thermal ranges was proposed. The result
was a shape that was short as compared to the original 2013 TDR, and included two distinct
volumes that facilitate the moderation of neutrons via different materials and conditions.
This shape is referred to as the “Butterfly” moderator, for obvious reasons seen in Figure
3.7. This moderator geometry, in addition to providing a unique spectral brightness not seen
at any other scattering facility, also allows for a slight tuning of the utilized spectrum based
on alignment of the first collimating optic nearest the emission surface.
With regards to impact on the NNbar experiment sensitivity, these changes did not
provide any improvement, and even degraded the performance. This is due to the fact that
while the cold brightness has increased locally, the overall cold intensity has gone down
significantly, since there is now a significant volume of ambient water in place of where
cryogenic volumes once were.
Liquid Deuterium Moderator
With regards to the desired capability for an oscillation experiment, a cold and intense (but
not necessarily bright) source of neutrons should be utilized. Leveraging knowledge gained
by previous neutron source development, more voluminous moderator geometries have been
studied strictly with the goal of increasing the total cold intensity available [Klinkby (2014)].
This knowledge suggests the use of a material that is effective at removing energy with each
collision, but with lower probability of collision or absorption than hydrogen. The solution
is the use of Liquid Deuterium as a moderating medium. Liquid Deuterium provides a
drastically different moderating environment for high-energy neutrons, as it has a much
lower interaction cross-section in both scattering and absorption as compared to hydrogen,
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Figure 3.7: An over head view of the proposed BF2 Moderator at ESS. The butterfly-style
moderator was designed to accommodate both thermal and cold brilliance demands from the
whole range of scattering instrument designs. This is achieved by having distinct moderating
volumes that contain either water or cryogenic hydrogen.
Figure 3.8: A side view of the voluminous LD2 moderator concept as seen in Klinkby
(2014). This moderator has the ability to capture a large number of neutrons given its large
area of exposure to the spallation target and moderate them to cold energies due to its
large volume of liquid deuterium. This was proposed to operate in tandem with a lower-
aspect ratio moderator above the target, which saw little to no loss in performance in this
configuration.
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on the order of 10 and 1000 respectively. This feature allows for designs to have larger
volumes in order to have any substantial number of collisions for neutron moderation, while
at the same time the lower absorption probability still provides significant neutron intensity.
That said, the interaction of the neutron with the D2 molecule will impart less energy, thus
further degrading its moderating potency. Nonetheless, as seen in Klinkby (2014), one can
optimize a geometry that would facilitate an intense source of cold neutrons, as seen in
Figure 3.8
3.3 Initial Capability Comparison for NNbar
ESS 2013 Technical Design Report
Initial sensitivity simulations utilizing the 2013 Technical Design Report (TDR) were
performed using spectra that was described in Peggs (2013). The 2013 TDR moderator is a
12cm canteen-shaped volume filled with 20 Kelvin Liquid Hydrogen, exposed to spallation
intensity from a tungsten target at 5MW proton beam operating power. The source
developed for simulation was a moderator surface with shape 12cm by 12cm, utilizing an
angular emission distribution that goes like cos θ, where theta is the angle of emission relative
to the surface normal. Individual events were created from distributions that replicate these
features and ultimately provided a total emission intensity of 1.6 × 1016 neutrons/second
in to one half of a sphere. Coupling this source term to the baseline NNbar experiment
geometry shown in Figure 2.6 yielded a sensitivity 250 times higher than that of the original
ILL experiment each year (ILL/year). From this first order sensitivity calculation, it became
clear that an experiment of this nature would provide a substantial contribution if located
at ESS.
Cylinder-shaped Moderator Geometries
As the design of the ESS monolith matured, further moderator designs were investigated
that utilized a cylindrical geometry. This provided a face to the initial interface optics that
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was consistent across horizontal angle, and also provided a simple geometry for parameter
optimization while coupled to scattering instrument simulations [Andersen et al. (2018)].
This closed loop optimization concept allowed for repeated refinement of both the
moderator and instrument geometries within a set parameter range. The result was a drive
towards shorter moderator geometries closer to that of a disc, rather than a cylinder. This
shorter moderator drove an increase in the brightness that manifested as higher performance
in the instrument systems. Further work was done to quantify the effect [Batkov et al.
(2013)], and ultimately ESS management settled on a 3cm tall and 24cm diameter (Figure
3.8) moderator as optimum given considerations towards practical scattering instrument
design. This design provided a sensitivity of 200 ILL/year utilizing the baseline configuration.
Bi-spectral Hybrid Moderator
The butterfly (BF2) further degraded the overall intensity of the moderator by restricting
the volume not just by height, but the width and overall view of the system. As seen in
Figure 3.9, the emission surface of the cold source is much smaller, and multi-modal. If
one where to leave the focal point of the reflector where it has been, the efficiency would
drop drastically, since the transport efficiency of the reflector falls off substantially as a
point source deviates from the focus. If one were to try and utilize the entire emission
surface, a unique reflector geometry would need to be designed and then further developed
to implement in a practical fashion. Nonetheless, one could simply adjust the position of a
standard reflector that focused directly onto one of the “wings” of the butterfly. This setup
yielded a sensitivity of 313 ILL/year utilizing the ideal reflector design set directly on the
one of the lower “butterfly wings”.
Liquid Deuterium Moderator
Experiment simulations using the liquid deuterium moderator has shown sensitivities as high
as 750 ILL/year, but over time was penalized to about 550 ILL/year, given practical realities
associated with source development and time of operation of the source throughout the year.
Typical operating hours per year at this type of facility is 5000 hours. Thus, a scaling factor
needs to be incorporated that accounted for the nominal 6660 hours that the ILL experiment
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Figure 3.9: A view of the cold neutron spatial distribution from a BF2-style moderator
above and below the spallation target.
Table 3.1: NNbar Experiment sensitivities from various ESS moderator designs.
Moderator/Configuration Sensitivity (ILL/year)
Operating Time to
1000 ILL Units (years)
2013 TDR 250 4
7cm Disc 320 3.2
5cm Disc 250 4
3cm Disc 200 5
BF2 Single Wing View 313 3.2
BF2 Double Wing View 188 5.3
LD2 550 1.8
was able to run. [Baldo-Ceolin et al. (1994)]. Nonetheless, the LD2 moderator provided the
highest potential for observing neutron/anti-neutron oscillation experimentally for the first
time. The reason this moderator is so effective is due to its cold spectrum and high intensity.
The effective view is much deeper than the other moderators, and thus there is a higher over-
all solid angle exposure to the target, and since the deuteron absorption cross-section is so
small, there is very little probability to absorb them once moderated (low opacity).
At this point in time, the ESS has decided to focus resources on completion of the project,
and thus will not provide any moderating volume below the tungsten target. While this is
unfortunate from an overall neutron utilization perspective for an nn̄ experiment, this does
allow for the future development, implementation and operation of a large voluminous source
such as this, with further optimization and refinement to best fit the final build.
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Figure 3.10: An overhead-view schematic of the Large Beam Port as originally conceived.
3.4 Large Beam Port and Experiment Interface
These initial sensitivity estimates overlooked a significant feature regarding the actual
intensity extracted from the moderators. The source terms as utilized originated at the
emission surface, and as such did not account for the significant collimating effect associated
with the internal shielding features and initial instrument port interface. This was not
a concern to the ESS design team initially, given that scattering instrumentation designs
would utilize only a narrow solid-angle range of the overall intensity. As designs matured, it
became obvious that this constriction would significantly hinder the sensitivity of any sort
of experiment where a broader phase-space can still be utilized.
In order for the ESS to meet their goals as a premier neutron source for science in Europe
and throughout the world, a provision for a high intensity source must be a part of the initial
design. The Large Beam Port (LBP) is designed to meet this goal by providing a horizontal
angle range equivalent to three scattering instruments, and a vertical range spanning the
instrument ports both above and below the target. The result is a port that at its exit
provides a 146cm wide by 108cm tall opening to permit intensities for simulated sensitivities
close to those shown in table 3.1. An overhead image of the initial LBP concept is seen in
figure 3.10.
The trend over the past few decades has been to design neutron sources that would













Figure 3.11: An overhead-view schematic of the ESS Target Building. The Large Beam
Port (LBP) is orthogonal to the incident proton beam, coming from the right, and on the
nominal north-west side of the neutron source.
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Figure 3.12: A side cross-section view of the LBP. Defined surfaces are (yellow) LBP,
(green) monolith internal shielding, and (red) moderator/reflector systems.
neutron sources have been getting smaller over time. This has been to the determent of any
experiment that would require a high intensity cold beam such as NNbar. The fact that the
ESS has committed to the LBP in its final design is a good sign that a future experiment
that needs intensity (NNbar or otherwise) can be accommodated in the future. This design
accommodation was requested by the NNbar collaboration specifically, and will prove to be
a valuable asset when the experiment is finally realized.
3.5 Large Beam Port and Source Collimation
The LBP geometry is one that, to first order, provides the minimal amount of collimation
necessary to accommodate high-intensity neutron experiment endeavors. It begins 2.75
meters away from the source, and ends 5.5 meters away. It tapers though this range to
provide a nominal 10x10 degree field of view of the source, and is made of surfaces that
accommodate the high thermal and radiation environment that exists this close to the source.
In addition to the LBP surfaces, there were also modifications made to the internal
collimation nearest to the source, but still outside the replaceable moderator/reflector
system, and only in the angle range where the LBP resides, as seen in figure 3.13. Bounding
boxes have been developed that define the surfaces most important to ray-tracing simulations,
meaning they have no defined material properties or volume features that could be used
to infer any path taken beyond that surface. These surfaces are then used to define the
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Figure 3.13: A plan cross-section view of the ESS monolith internals. The shaded circle
at the center of the monolith is the volume that could contain a future moderator/reflector
system, and is the same feature as the red box seen in 3.12.
initial experiment interface to the source, and can be used as a defining collimator or as
boundaries that can contain more equipment pertinent to the experiment design (optics,
absorber, polarizer, etc.). A side-cutaway view of these features can be seen in Figure 3.12.
For an appropriate ray-tracing simulation, one can place a source term within the red
region seen in figure 3.12, and define collimating surfaces (highlighted in cyan) that represent
the monolith just outside the moderation volume. The simulated source emission would be
biased to the left of the figure, illuminating both the internal monolith collimator and the
LBP, highlighted in yellow. Given that the internal monolith shielding (or collimator) is not
easily modified, and the phase space at the source in the moderator volume is very wide, it is
prudent to develop source models that begin at the entrance to the LBP. The benefit in doing
this is to be sure that computation time is not wasted on phase space generation that does
not enter the optics and (more importantly) has little to no impact on the simulation result.
Exactly this was done once the specifics of the internal monolith geometry was known, and















Figure 3.14: Correlation of a small sample of LD2 events in phase space at z = 2.68 meters.
One notes the strong correlation between the position and angle of emission, and the non-
existent correlation among other dimensions. These are strictly to gauge correlation among
the dimensions, and provide no specific scale.
3.5.1 Liquid Deuterium Moderator Modeled Source Term
In order to test the viability of the LD2 source for experiment, a source for simulation
is developed that imitates a prescribed event distribution, replicating the phase-space as
provided by the original neutronics simulations. This is preferred over using the event list,
and the benefits to doing this are two fold. First, it allows one to increase the statistical
density in regions of phase space that may not be well populated by the original event space.
Second, it allows for much easier parallel computation of simulation.
This new source distribution is created by taking a large event list that represents
the phase-space emanating from the moderating surface(s) of interest, and evaluating
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Figure 3.15: Intensity distribution for the horizontal position (left) at z = 2.68 meters,
and a map of the horizontal phase space (right). The line traces in each are line functions
that best fit the associated histograms, and are utilized in the generator that is modeled off
of the original event space.
correlations between all the dimensions of phase space, seen in figure 3.14. Any dimensions
in this space (represented by x, y, vx, vy, vz) that show significant correlation between them
will draw on distributions that can represent this correlation.
For example, a correlation is found between the horizontal position at the emission surface
and the horizontal trajectory. An event can be created by first drawing on the defined
position distributions for x, and then drawing on an angle (vx/v) distribution dictated by
that position. One notes in figure 3.15 that the correlation is so strong in this case that
neutrons that originate at the most extreme edge will have no possibility of traversing the
center of the beam-space further downstream in free flight.
To understand the quality of this representation, both the original and generated events
are binned into indentical histogram volumes representing the phase space that is spanned
by the events, in this case dimensions are x, y, vx/v, vy/v. Next, each bin intensity value
is compared between the respective histograms, and a correlation calculated between them.
The correlation is calculated to be 0.971, and qualified as “very strong”, thus the generator
performance is acceptable. The density of this correlation space is seen in Figure 3.17. This
plot shows unequivocally that the generated events replicate the same nominal phase space
distribution as the original events tallied by MCNP. The spread along the vertical axis is
reflective of the small counting statistics associated with the original event list, the exact
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Figure 3.16: Plots showing spatial (left) and spectral (right) distributions of intensity for
both generated and original event spaces. One notes a good match between the original
event distribution and events from the generator.
problem the generator was supposed to rectify. McStas [Willendrup et al. (2004)] compatible
computer code can be utilized for this source, and is seen in appendix C.
Utilization of this source allows for large scale computation of cold neutron flux starting
at 2.7 meters away from the center coordinate system at the ESS. This intensity can be
simulated to go through the LBP as a collimating optic, into the ellipsoidal reflector described
in section 2.3, and new figure of merit determined. Using only simple optimization of the
geometry (scanning the reflector position vertically and along the nominal beam trajectory)
a FOM of 300 ILL/year sensitivity is achieved. An image showing the FOM density and
best position for the annihilation foil at the target distance (200 meters) is seen in figure
3.18. This nearly meets our goal of 1000 sensitivity in 3 years, while utilizing a source and
experiment interface that would be available at ESS by the year 2030.
Additionally, since we are simulating the neutron trajectory we can record additional
features of each neutron as they move through the experiment. From this information, we
can begin to understand how much intensity is rejected via wall absorption by the LBP.
3.5.2 Implementation of Reflector Material in LBP
As noted above, the LBP is a collimating device. This, by extension, means that there is a
substantial loss of phase space that can be redirected and utilized for any experiment looking
through the large beam port. These surfaces could be coated with reflecting material to
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Figure 3.17: The bin correlation plot comparing phase space density bin values in both
a histogram binning of original events (vertical axis) and identical histogram binning of
generated events (horizontal axis). The calculated correlation between these populations is
0.971.
facilitate said redirection, and when accounting for additional optics downstream as proposed
in section 2.6, can provide a significant “loading” effect to further improve the sensitivity.
As a first order approximation, one can simulate use of a traditional super-mirror
component in this space to redirect intensity that would have been lost to absorption, and
to understand what the taper of the geometry would do to the beam divergence. This was
simulated, and using only the LBP (no focusing reflector), one finds an appreciable intensity
arrives at the foil distance, but one that is flat and not focused. Nonetheless, one finds
a transport capability that would contribute 3 units of sensitivity to the FOM per square
meter of foil at 200 meters. This suggests a focusing geometry inset into the LBP would be
a good concept to investigate, even if those simulations assumed strictly specular reflecting
components.
However, the main challenge in realizing such a reflector is the thermal and radiative loads
on delicate optical components in such close proximity to the source, a familiar problem at
neutron sources [Boffy et al. (2015)]. To mitigate the challenge of reflector degradation in
harsh environments, more resilient reflector materials have been proposed that can provide
a reflecting capability that is usable, but not necessarily in traditional ways. Nano-material
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Figure 3.18: A contour plot showing the spatial distribution of the figure-of-merit at a
distance of 200 meters. The red circle shows the optimal location on this distribution where
the FOM is maximized for a one meter radius target. The total FOM for this configuration
is 300 ILL/year.
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Table 3.2: NNbar Experiment sensitivities from various ESS moderator designs, with
Modeled Liquid Deuterium Moderator and Large Beam Port configuration in bold.
Moderator/Configuration Sensitivity (ILL/year)
Operating Time to
1000 ILL Units (years)
2013 TDR 250 4
7cm Disc 320 3.2
5cm Disc 250 4
3cm Disc 200 5
BF2 Single Wing View 313 3.2
BF2 Double Wing View 188 5.3
LD2 550 1.8
Modeled LD2 with LBP 300 3.3
surfaces can be utilized as quasi-specular reflectors, which to some extent provide traditional
reflection capability, but with less stringent surface quality requirements. Depending on the
nano-material in question, the thermal and radiation exposure effects are of little concern.
Nano-diamonds are a material that have shown great promise in this regard [Nesvizhevsky
et al. (2007), Nesvizhevsky et al. (2018b)], and are a focus in chapter 6.
One sees in this chapter that we anticipate substantial improvement in the experiment
sensitivity FOM using a planned intense spallation source such as ESS, currently under
construction. This sensitivity is realized using the baseline experiment configuration
referenced in section 2.5. Throughout the rest of this work, the new modeled LD2 source




Immediately after the second world war, as more information about thermal neutron
applications became available to the wider science community, their use in other fields
of science beyond strictly nuclear physics applications began to spread throughout North
America and Europe [Mason et al. (2013)]. As these sources of neutrons proved more and
more valuable over time, the limitations of their instrumentation became more and more
apparent.
The first limitation that was found was strictly at the production level. Neutrons are
not easy to make in large quantities, nor are the methods by which neutron production
is typically sustained compatible with the mechanism by which they need to be extracted.
More specifically, the thermal neutrons that are needed to sustain a nuclear reaction are
also the particles that are of most interest for scattering instrumentation. In addition to
their low quantity, their scattering length with many nuclei is very low, and they are, in
general, tough to manipulate due to their uncharged nature. This combination of low incident
intensity and poor scattering probability is a source of many challenges in the field of neutron
instrumentation.
Initial instrument concepts utilized pinhole and slit apertures to affect the incident beam
configuration. This then required extremely close proximity to the source for any appreciable
signal to be gathered; a concern both mechanically and radiologically. Tight spaces in and
around the source limited detector and sample configuration designs. Instrumentation in
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close proximity to the source, while sufficiently shielded to maximize neutron signal-to-noise,
was not necessarily easy to shield from the effects of fast neutron and gamma irradiation.
Development was needed to improve the capability and usability of these sources, which
would ultimately facilitate their contribution to the larger body of science.
4.1 Neutron Optics
Components that reside immediately outside of the source and fill the space between
the source and area of experimental interest are termed incident-beam neutron optics.
Their further enhancement and development enabled a new era in neutron scattering and
experiment instrumentation capability in the 1980’s, significantly increasing the usable
neutron intensity available to the experiment. The key mechanisms by which optical
components affect the neutron beam are via reflection, diffraction, and absorption. Reflection
is typically achieved via polished surfaces made of materials with high scattering probability,
given the aforementioned low-interaction potential of thermal neutrons with matter.
4.1.1 Optical Potential and Critical Angles of Reflection
Given the relatively low energy (and long wavelength) of the incident beam of neutrons
as compared to the high strength (and short distances) of the nuclear potential, it has
become reasonable to simplify this effective interaction potential. The result is a constructed
potential that ignores interactions of the free neutron with individual nucleons in the nucleus,
and only accounts for their effect as an entire homogeneous system, yielding a scattering
amplitude at a defined angle θ. Thus, one can use a Fermi Pseudo-potential to represent the







biδ(~r − ~ri) (4.1)
where mn is the neutron mass and b is the scattering length. Further expanding on
characteristics of the scattering length b, one notes the following features
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• The scattering length b is a complex number, containing an imaginary component
which dictates the absorption cross-section of the nucleus.
• Said scattering length has a relative spin dependence, and thus the spin state of the
neutron relative to the incident nucleus contributes a component to the scattering
length b, thus affecting the overall scattering cross-section.
Given these characteristics, one can more succinctly understand the neutron scattering
and absorption cross-sections of specific nuclei, as well as how these extend to materials
made of many nuclei of different isotopes and spin states. That said, one defines the optical











Total internal reflection is achieved by creating a surface interface made up of positive
scattering length nuclei [Ankner et al. (1993)]. The higher the scattering length, the lower
the index of refraction of the material, and thus a higher critical angle can be achieved where
neutrons will reflect completely from a surface back into the vacuum where n = 1. From the
aforementioned optical potential defined in 4.2, one extends this concept further by defining












The most widely used reflecting surface medium is Nickel metal. This is due to its availability,
ease of use and high coherent scattering length. The result is an apparatus that is easy to
prepare and is resilient in vacuum. The first neutron guides were made of polished nickel
surfaces, and were designed with consideration of the angle of incidence θ and vacuum
wavevector k0.







where ρ is the number density of nuclei in the material and b is the neutron scattering length
of the nuclei within said density. One can make the magnitude of this more conceivable by
setting some scales for the parameters. By letting the relevent length scales be in nanometers






Thus, the critical angle of reflection is on the order of 10 milliradians (or 0.57 degrees) for
a 1 nm wavelength neutron with materials that have normal nuclear density and scattering
length.
For a better perspective as to what this means physically, one can convert this angle and
wave-number dependence into a more tangible quantity, namely the maximum transverse
velocity that can be fully reflected. Once converts the angle and wavenumber parts of













→ vTmax = 395.6
√
ρ[nm−3]b[nm] (4.5)




102[nm−3]10−6[nm]→ vTmax ∼ 4 m/s
4.1.2 Reflection Beyond the Critical Angle
Given the shallow angle of incidence that is available for reflection off of a material, (even
with Nickel coatings, vTmax = 6 m/s), the need for other means by which to reflect neutrons
became apparent. This is where supra-critical angle neutron reflection comes in. Enhanced
specular reflection beyond the critical angle can be achieved by diffracting the beam that
penetrates beyond the initial surface layer. Thus, any transverse wave-vector kT that exceeds
the reflection criterion kTMax = 2π/395.6vTMax = 2π
√
ρb, would then need to be subject to
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an interaction that could diffract kT . In order to achieve a reflecting effect, the vector kT
must be completely inverted, or in terms of Bragg Scattering, fully back-scattered (θ = π/2).
Thus, the thickness of a layer that could achieve this would be found via the following





= 2d sin[π/2]→ d = π
kT
(4.6)
Since this would diffract only a specific kT condition, this surface will only reflect a specific
neutron energy incident at a certain angle. The result is a need to create multiple layers
that vary over a wide range of d, in order to satisfy the condition across a wide range of kT .
The wider this range, the more likely a neutron of varied energy and incident angle is to be
reflected.
4.1.3 Reflection of Neutrons by Super-mirror Surfaces
One must create a multi-layered structure that will minimize absorption and meet the
condition specified in 4.6, all while maintaining high reflection probability. This is achieved
by creating many alternating thin films of high and low scattering length densities with
varying thicknesses. As seen in Masalovich (2013) and Saxena and Schoenborn (1977), the
theory that describes the reflected scattering amplitude based on layer material, thickness
and multiplicity is well developed for these super-mirrors.
Utilizing kinematical scattering theory, one begins with kT , and lets r be the ratio of
reflected and incident wave amplitudes (or reflection amplitude), and its derivative dr/dz







Here one notes that the scattering length density f is dictated by the material’s scattering
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Figure 4.1: Multi-layer monochromator scattering length density (right), and the resulting
reflectivity across a range of transverse velocities (left). Multi-layer monochromators can be
used to reflect only the small part of phase space that satisfies the Bragg condition.
Since only a fraction of the wave amplitude will be reflected through each layer, the
reflectivity R is not simply the square-magnitude of the reflection amplitude, but rather a
total intensity contribution throughout the bulk. One can then calculate the true reflectivity
R based on the reflection of the incident intensity I0 throughout the whole structure
(compensating for attenuation) due to the magnitude of reflection, |r(z)|2
dI
dz






Given Equation 4.9, one can now take a layered f(z), and for a given kT find R. As an
example, one utilizes a f(z) made of up many bi-layers of thickness d alternating Nickel and
Titanium layers yeilding
f(z) =
 mod (z, d) < d/2 ρNibNi = 9.4× 10
14 m2
mod (z, d) > d/2 ρTibTi = −1.9× 1014 m2
(4.10)
A graphical depiction of Equation 4.10 and the resulting reflectivity R for a range of vT
can be seen in Figure 4.1.
This then opens the possibility of a series of bi-layers with a range of dmin to dmax to be
utilized and provide a reflectivity over a wider range, providing a true reflection capability at
most any wavelength of interest. As an example of how to best design such a layered system,
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Figure 4.2: An example of a multi-layered scattering potential that meets the criteria
specified in Equations 4.11 and 4.13 (left), and the resulting reflectivity versus vT (right).
Note the slowly varied layer thickness over the depth of the multi-layered bulk. This type of
multi-layered surface allows reflection over a wide range of incident wavelengths and angles,
thus it is nominally a specular mirror.
one begins with kTmax for the first reflecting layer, in most cases Nickel. To determine the
thickness of each layer, one uses a method prescribed by Masalovich (2013). Specifically, by
specifying mmax (via vTmax) and desired reflectivity R one can find the layer thicknesses an












Here, n is the number of layers from the substrate (first built) surface of the mirror, and
C is the intensity transmission factor through each multi-layer. More specifically
Cn+1 = |CN |+
|C|n(1− |C|2n)




Equation 4.13 is iterated along with dn until Cn reaches its smallest positive value. Here,
one can now develop a multi-layer structure that will provide a known reflectivity over a
certain range of vT . An example of a suitable f(z) and resulting R versus vT is shown in
Figure 4.2.
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Utilizing this technology allows for reflections of neutrons with vT up to 45 m/s, or nearly
m = 7, while still maintaining reflection probability near 50%. The convention of utilizing
m, or the ratio of the surface reflectivity critical angle limit to that of polished Nickel, is
ubiquitous throughout the industry and instrument community. This is the specification
by which all super-mirror reflecting surfaces are defined, along with the actual reflection
probability at that limit. In application, the reflection probability slopes down slightly
beyond the critical angle m = 1, or vT = 6.5 m/s. This is due primarily to absorption
throughout the layers, since the reflected intensity is penetrating the surface unlike true
reflection.
4.2 Focusing Geometries
Now that the convention has been established for neutron reflection mechanisms, one can
now extend neutron reflection into the realm of standard mirror optics concepts.
4.2.1 Ellipsoid
Utilizing an ellipsoidal geometry, one can effectively transport intensity from a large solid
angle emanating from a point source to another point with a single reflection [Kamyshkov
(1995)]. This allows for an efficient and geometrically easy system to parameterize and
simulate. Much like the original beam based neutron oscillation experiments, one can
characterize the experiment as follows
• The source term is at z = 0 in the experiment, and can be represented as a complete
phase space distribution, thus facilitating further simulation.
• The only effective optic is the ellipsoid, and thus only the beam that enters and exits
the optic is accounted for with regards to sensitivity
• The flight tube between the source and the detector is assumed to have perfect vacuum
and a totally nullified magnetic field to maintain the quasi-free condition.
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• The only parameter associated with the detector is the annihilation foil position
and geometry. Components related to the full tracking detector apparatus are not
accounted for in simulations that involve the optical geometry. We assume a fixed
efficiency of 50%
The result is a simulation that takes account of the particle trajectory, and utilizes ray-
tracing optical concepts to understand the beam phase-space that ultimately arrives at the
foil.
The ellipsoid in question is in actuality part of an ellipsoid, and thus has a start position
zi and end position zf between which the surface geometry is realized. The ellipsoid utilized
is symmetric about the z-axis, and as such has only one transverse parameter b defining the
















Here, the major radius is a, and L is the distance from the source (z = 0) to the annihilation
foil. Since the source and foil need to sit at the foci of the ellipse that is defined by a and b,
this is better defined as a =
√
L2/4 + b2, yielding
r(z) = b
√




This, along with the aforementioned entrance and exit positions, and annihilation foil
geometries, yields the following simulation parameter space
zi Start of Reflector Surface 10 meters
zf End of Reflector Surface 50 meters
L Distance from Source to Annihilation Foil 200 meters
b Semi-minor Axis of Ellipse 2 meters
yf Elevation of Annihilation Foil -0.5 meter
R Radius of Annihilation Foil 1 meter








Figure 4.3: A schematic (not to scale) view of the ellipsoidal geometry for a neutron
oscillation experiment. The parameters shown dictate the shape of the reflecting surface,
and thus the performance of the over all experiment.
Given the length of such an experiment geometry (200 meters) and the utilization of
cold neutrons (with velocities blow 2000 m/s), one expects a significant impact with regards
to gravity on the sensitivity of the experiment. This effect is compensated for by allowing
the elevation of the annihilation foil to be a tunable parameter. That said, one can easily
estimate the location of the foil, which depends on the average velocity 〈v〉 of the neutron










where g is the acceleration due to the effect of gravity at the experiment location.
Once can see this effect simply in simulation by scanning the height of the annihilation
foil integration boundary as described in chapter 2.
4.2.2 Multi-Focal Ellipsoid
As noted in Chapter 3, the source can have a peak brightness of cold neutrons in multiple
locations. Thus, it behooves one to investigate mechanisms by which to accomplish
focusing many sources to one nominal location. Leveraging the focusing capability of the
aforementioned ellipsoidal geometry, a multi-lobed geometry can be realized that provides
effective transport from a source with a multi-modal spatial distribution. One considers the
concept of defining an ellipsoid surface geometry specifically designated for one of the peaks,
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Figure 4.4: A cross-section of the lobed reflector concept as it pertains to a source with
a multi-modal spatial distribution (not to scale). The small white dots represent the focal
point at the source, and the blue areas represent the boundaries of the surface in the plane
transverse to the nominal beam trajectory.
but only utilizing that function definition within a specific section of space whose boundaries
are dictated by the nominal beam-axis trajectory. The resulting geometry creates a “peanut”
shaped reflector cross-sections in the transverse plane as seen in Figure 4.4.
4.2.3 Segmentation
While the aforementioned reflector geometries provide a reasonable enhancement of the
experiment sensitivity, one should consider the practical limitations associated with such
geometries. As initially proposed, the single ellipsoidal focusing concept has an average
radius of approximately 1.32 meters. To construct such a reflector would exceed the technical
complexity of even the most modern telescope mirror fabrication capability. Thus, the
compromise is to segment the reflecting surface into a geometry that is still capable of
effective transport and focusing, but also can be constructed of pieces that have a reasonable
shape and size in order to build the super-mirror reflecting surface assembly. Furthermore, a
segmented geometry of any shape will have a larger number of surfaces to calculate trajectory
interaction, but will ultimately provide an optimized set of surfaces to provide a capability
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Figure 4.5: Two examples of focusing surface segmentation (red), representing an ideal
focusing surface (blue). These cross sections cut through axes that are transverse to the
nominal beam trajectory. Shown to the left is a 10 segment approximation, and to the right
is a 20 segment approximation. Chapter 5 describes some of the challenges associated with
segmentation.
comparable to the ideal shape. More is to be mentioned with regards to segmentation and
polygonalization in chapter 5.
4.2.4 Nested Reflectors
Another means by which one could hypothetically enhance the efficiency of a reflector is to
utilize a nested reflector geometry. The nested reflector concept starts with an ideal geometry
that would already be optimized for a given experiment sensitivity, but would then be divided
along the nominal beam trajectory axis z. These segments reflect a particular fraction of
the total phase-space that ultimately finds its way to the annihilation target. That said, the
position along the reflector where that phase-space is reflected can vary given a proper value
of b. This is quantified by taking Equation 4.15 and combining it with the known angle of
trajectory θ from the origin, tan θ = r/z, as well as assuming that b << L
r(z) = z tan θ → z tan θ = b
√





























Distance Along Beam Path (meters)
Figure 4.6: A comparison between the nested reflector concept (left) and a traditional
ellipse reflector (right). Both reflecting surface designs (seen in blue) capture and focus the
same phase space range (defined by red and black), but with the nested concept utilizing
less material and allowing a longer average free flight distance to the annihilation target.
b =
z tan θ√
1− 4(z − L/2)2/L2
(4.17)
Now one can constrain z over a smaller range, but still retain the same nominal angular range
of transmittance. To obtain the same effective transport capability, one must now find the
boundaries of z and θ that maintain a constant b, and build them in such a way that their
overlap is minimized. This can be done via an iterative process that starts with dictating
the largest possible angle of acceptance θmax and the closest reflection position to the source,
and then calculating b using equation 4.17. One then determines the smallest angle reflected
θ given that b value and the furthest reflection point in z. This angle is used as input to the
determine next surface b, and the cycle is repeated until the smallest angle to be reflected is
no more than the acceptance angle θmin, dictated by the comparable non-nested geometry
length.
Using a nested reflector that is 5 meters long rather than 40 meters long can increase the
free flight time t up to 25%. This would translate into an increase in the baseline sensitivity
of more than 50%. One performs simulations of just such a geometry with a point source to
see if these gains are realized, or if the intensity through such a reflector is hampered by the
complexity of multiple surfaces. The point source case shows the notable increase in FOM,
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Figure 4.7: A comparison of nested and non-nested reflector geometry performance, where
an identical point source is used in both configurations. One notes the higher contribution
to the FOM across the free-flight time spectrum (left), and the ratio of the two reveals both
the higher transmittance capability and improvement in free flight time (right).
but only 16%. This is not as much as expected, but this is still a valuable increase that will
be made up by the smaller reflector total area. There are actually two effects at play here.
The first is strictly a higher intensity, due to higher reflection probability of this geometry.
The layers that capture the intensity closer to the beam axis are reflecting with a lower
transverse velocity, and thus have a higher probability of reflection, as shown in the
reflectivity curve of figure 4.2. The result is more efficient transport of the intensity. The
second is due to the expected longer free-flight time effect, since some reflections occur at
distances further from the annihilation target. However, the gains realized due to this effect
are very small since the real intensity of neutrons available in this range is very low as
compared to the rest of the available spectrum. Both of these features are seen in the Figure
4.7.
4.3 Reflector-Source Optimization
One can now begin to perform an analysis on the sensitivity of an experiment using the LD2
source defined in Chapter 3 and the reflector geometries defined above.
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Figure 4.8: Segmentation scans showing the how the figure-of-merit is effected as the
number of segments changes along the beam axis (left) and around the beam axis (right).
One notes that there is little impact on FOM for segmentation along the beam axis as
compared to around the beam axis.
4.3.1 Source with Segmented Ellipsoid
Using the same baseline experiment geometry as in chapter 2 and seen in 4.3, we use an
ESS “pancake” moderator with a height of 3 cm for the source, and begin to understand the
impacts that segmentation can have on the FOM using McStas [Willendrup et al. (2004)].
As seen in figure 4.8, there is a significant degradation in the FOM for this type of geometry
as the surface becomes less like the ideal ellipsoid shape. While the degradation is notable
for segmentation in both directions, the degradation is substantial for segmentation around
the axis, φ. More clarity regarding this effect will be provided in chapter 5.
4.3.2 Multi-Modal Spatially Distributed Source with Lobed
Reflector Cross-section
Compensating for the unique spatially-distributed cold neutron intensity of the BF1 and BF2
moderators posed a significant challenge. Nonetheless, leveraging the significant focusing
power of the ellipsoid, one can create a lobed manifold that allows for efficient gathering at
the source end while maintaining acceptable focusing at the annihilation target. Exactly this
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Figure 4.9: A screen capture of the as-seen-from-annihilation-target view from the McStas
[Willendrup et al. (2004)] simulation describing the focus of a bi-modal source distribution
to a single spot at the annihilation target. One notes the deviation from what would have
normally been a continuous and smooth surface at the top and bottom edges of the reflector.
was done, using simulated sources for the BF2 moderator geometry in McStas [Willendrup
et al. (2004)].
The cold brightness from the outer “wings” of this new simulation was found to be
near that of a Maxwell-Boltzmann flux density distribution with a temperature of 55K
and an integrated brightness of 5.5 × 1013 neutrons/(cm2·sr) at full 5MW operation. This
brightness was then used in a simulation that would replicate the symmetric source geometry,
and project intensity through the Large Beam Port (as discussed in section 3.5). That
intensity was then put through two different reflector shapes. The first being the traditional
baseline reflector geometry, the second a multi-lobed geometry with the same nominal size
and acceptance. The multi-lobed geometry was designed such that surfaces on either side of
the beam axis were shifted and tilted so the foci intersected either side of the BF2 moderator
and the target position 200 meters away, as seen in figure 4.9. The FOM for the baseline
and lobed reflectors are 55 ILL/year and 70 ILL/year respectively, with detailed results seen
in Figure 4.10. This shows clearly that in addition to the gain in FOM of nearly 25%, the
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Figure 4.10: A comparison of FOM spatial distribution at an annihilation target distance
of 200 meters. The lobed reflector configuration (left) shows a 25% increase in Figure-of-
Merit over the baseline configuration (right). The red circles define the optimal position of
the foil to maximize the FOM.
spatial distribution of the FOM at the target distance can accommodate a smaller geometry,
potentially easing challenges associated with tracking detector design and cost.
4.3.3 Liquid Deuterium Source with Nested Ellipsoidal Reflector
For the case of a nested reflector that captures and focuses the same nominal phase space as
the baseline reflector, one determines the angular range that the baseline reflector captures
from z = 10 to 50 meters. For b = 2, this range is θmin = 0.0355 radians to θmax = 0.0867
radians, and for the nested case one selects a smaller axial range in z, from 10 to 15 meters.
For the specified angular and axial range, calculated values for b are in Table 4.1.
One performs simulations of just such a geometry to see if these gains are realized, or if
the intensity through such a reflector is hampered by the complexity of multiple surfaces to
contend with. The LD2 source is very much not a point source, thus there is a concern that
the nested concept may inhibit intensity transport more than enhance the free-flight-time
gains.
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Table 4.1: Calculated ellipsoid semi-minor axis b values for a nested reflector seen in Figure
4.6.
Starting Angular Semi-minor Axis






Table 4.2: A Comparison of Experiment Sensitivities Utilizing Different Sources and
Reflector Configurations. Segmentation levels vary, and lie with in the range of typical
super-mirror production shapes and sizes; nominally 1 meter long and 0.1 meters wide.
Source/Reflector Configuration
On-Foil Intensity Mean Flight Time Sensitivity
(n/s) (seconds) (ILL/year)
3cm Pancake, Baseline 5.05× 1012 0.289 125
3cm Pancake, Segmented 5.14× 1012 0.272 115
3cm BF2, Segmented 5.17× 1012 0.193 56
3cm BF2, Lobed, Segmented 5.65× 1012 0.207 69
LD2, Segmented 2.06× 1013 0.224 304
LD2, Nested, Segmented 9.49× 1012 0.252 182
Simulations show that the nested ellipse inhibits too much of the emission phase space
from positions on the moderator face far from the center of the volume. This is due to
that fact that the smaller b ellipses with surfaces closer to the center axis have a nominally
smaller acceptance. The conclusion is, on its own, the nested ellipse focusing system does
not provide any enhancement for sources that are distributed widely in space. This can
be seen by using fewer (but longer and wider) nested ellipsoids, which begin to recover the
gains.
In the end, it seems that the most effective combination of a large voluminous source
coupled to a standard ellipsoidal reflector provide the best opportunity to observe baryon
number violation. That said, segmentation of the reflector geometry can be leveraged to
facilitate ease of construction and alignment of the system. The use of a nested reflector
can only provide benefits to a source that is well within the acceptance of all the of the
reflectors. This should be considered with regards to the source/moderator/reflector design,
if the opportunity arises.
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Chapter 5
Special Neutron Reflector Geometries
As mentioned in Chapter 4, the ellipsoid is an ideal shape that allows for focusing from
one point to another. We also showed using the nested reflector concept that there are
multiple semi-minor axis values that meet the surface defined focus-to-focus requirement.
The conclusion here is that one could permit that the total distance from focus to surface
and to the other focus not necessarily be constant.
The benefits to such a configuration reveal themselves in the practical application of a
focusing reflector at the European Spallation Source (ESS). The Large Beam Port (LBP)
provides an amazing opportunity to utilize a significant intensity for experiment designs.
However, the LBP symmetry axes are not centered on the view of the moderating neutron
source, but the spallation target. the result is an optical acceptance configuration that either
a) results in a target focal point above the original intended nominal beam trajectory or b)
results in a notably degraded intensity at the target.
Special geometries to mitigate these challenges are developed in this chapter, and with







Figure 5.1: A simplified vector representation that describes a ray originating from an
object Xs, reflecting from a surface at X with normal orientation n̂, and arriving at an
image Xf . The vectors do not necessarily represent the actual trajectory; these are used for
mathematical construct only.
5.1 Determination of Reflecting Surface Geometries
via Differential Equations
We begin with one of the requirements of an ellipse; that a ray originating from a fixed point
can be reflected at a specified angle to another fixed point. This concept is shown in Figure
5.1
One notes a defining feature of this configuration; that the vectors traced from the
reflector position to the foci themselves describe the angle of the surface they originate
from. This concept is utilized to determine the tangent of the surface via calculation of the
vector that bisects the two vectors that end at the foci (or focal planes, if dealing with an
image rather than a point source). More specifically, there is a vector ~n that can be defined

















| ~Xs − ~X|
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~Xf − ~X




5.1.1 Concept in Two Dimensions and Numerical Determination




= −(~n · ẑ)
(~n · r̂)
(5.2)














= f(z, r, P ) (5.3)
where P is a tuple of parameters defining the foci, zs, rs, zf , rf .
Given the complexity of this differential equation, (and the reality of needing to segment
this type of geometry anyways), a numerical method by which to determine solutions can
be used to effectively implement this concept. Using Python2.7 and associated libraries
NumPy [Oliphant (2006)] and SciPy [Jones et al. (2001)], one is able to quickly and efficiently
calculate numerical solutions for further implementation and analysis. By providing the
initial r0 and steps in z, the solver will provide r values for each z step.
Given that the solution is numerically determined, it behests one to understand the error
introduced as a result of the approximation. The shape in z and r was determined by the
differential equation seen in 5.1, and thus the actual effect any approximation has on the
transport should be determined. The solution that is determined at any point will in fact
always provide perfect transport (assuming the lack of gravitational effects), since no matter
the surface solution, a normal vector that satisfies the equation can always be found across
the full range. The source of deviation arises under the condition where the surface slope is
not changing over a prescribed distance (i.e. a segmented approximation). One assumes a
solution is found, and then reorganizes 5.1 to determine the deviation of the actual trajectory
from the desired one that results in focusing at ~Xf , as seen in equation 5.4




| ~Xs − ~X|
]
+ ~X = ~Xf (5.4)
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While the function itself is not of a closed form, a linear expansion can be performed
to appreciate how parameters that dictate the geometry impact the positioning accuracy of
each element. Each of these reflecting elements taken as a whole will then dictate the true
focusing performance (both positioning and blur).





, for all i, j < N (5.5)
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| ~Xf − ~X| = −
(X if −X i)




| ~Xs − ~X|
=
(X is −X i)(Xjs −Xj)− | ~Xs − ~X|2δij











(X if −X i)




| ~Xs − ~X|
)
+
| ~Xf − ~X|
| ~Xs − ~X|3
(
(X is −X i)(Xjs −Xj)
)
(5.6)
Equation 5.6 provides all insight into the impact a reflecting surface with orientation dictated
by ~n and position ~X has on ~Xf . Of interest in the 2D (N = 2) case is how the length of
the segments ∆z affect the transverse focusing power of the system, ∆rf . One finds this by












Here, ∂r/∂z is the slope of the segment defined by the normal vector as seen in equation
5.2.
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= − (zf − z)




| ~Xs − ~X|
)
+
| ~Xf − ~X|
| ~Xs − ~X|3
(zs − z)(rs − r) (5.8)





| ~Xs − ~X|
− rf − r




| ~Xs − ~X|
)
+
| ~Xf − ~X|
| ~Xs − ~X|3
(rs − r)2 (5.9)
The geometry that this will be applied to is one where typically zf >> rf and as
such, the magnitudes of the vectors are mainly dictated by the position along the beam
z. Additionally, simplification of the first term would be helpful in understanding the trends
further. Assuming that the length of the total trajectory are approximately equal to L and










































The result in 5.10 reveals that the deviation due to segmentation is more sensitive for
reflecting surfaces that are closer to the source (z << L). This makes sense intuitively, but
now one has a defined metric by which to limit the length of the segment, to ensure that the
projected spot does not blur beyond acceptable tolerances.
As an example, one can attempt to limit the blur of a spot rfmaxto be within 0.5 meters
of the intended rf position. For a simple ellipse with b = 2 meters, and nominal length of
L = 200, one can find the acceptable segmentation length over the specified reflector range,
in this case x=10 to 50 meters. One solves for drf/dz across the axial (z) range of the
reflector (utilizing the calculated ~n, z and r from the known ellipse function), and then uses
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Figure 5.2: The calculated segmentation length limits of an ellipse with b = 2, a = 200
over the range of 10 to 50 meters.







The slope and calculated limit for this configuration can be seen in figure 5.2.
5.1.2 Concept in Three Dimensions
Practical application of this methodology demands a strictly three-dimensional calculation.
Fortunately, the vector description still applies, however the complexity is enhanced with
the development of an appropriate differential equation schema. One notes that a beam-axis
geometry is best represented by a cylindrically-biased spatial construct, and thus one first




= 〈a, b, c〉
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In the case of the cylindrical geometry, one takes the a and b components and can
reinterpret them in terms of ρ
~ρ = ax̂+ bŷ |ρ| =
√
a2 + b2
n̂ = 〈~ρ · x̂, ~ρ · ŷ, c〉 = 〈~ρ, c〉 (5.12)
Taking this into account, one finds the change in radius r along the beam axis z in terms






This is not much different from what was considered in the 2D case, seen in equation 5.3.
Next, one determines the actual differentials in the normal Cartesian space, using what is
known about the relationship between a, b, and ρ. In the case of the horizontal transverse
component x̂, one finds
∂~r
∂z
· x̂ = − c
ρ2





and for the vertical transverse component ŷ
∂~r
∂z
· ŷ = − c
ρ2















Now we have the makings of two coupled differential equations which are best solved
numerically. Given that a, b, and c are made up of the vectors ~XS and ~XF defined earlier as
start and end points, one now provides functional representations for further implementation.
∂x
∂z
= f(x, y, z,Xs, Xf )
∂y
∂z
= g(x, y, z,Xs, Xf ) (5.15)
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The next step is to find a set of polygons that are precisely oriented and positioned such
that, just as in section 5.1.1, does not cause much distortion of the intensity as originally
intended. Again utilizing the general equation 5.6 (with a different coordinate system), one
can understand the impact the extended surface of the polygon has on the focus, and thus
determine acceptable sizes to best transport the intensity. In this case, one is interested in
the impact of segmentation around the beam axis, ∆θ, has on the focal distortion at the






































































One notes the interesting parts of equation 5.16 are those that need to be determined by
equation 5.6.






| ~Xs − ~X|
− xf − x




| ~Xs − ~X|
)
+
| ~Xf − ~X|
| ~Xs − ~X|3
(xs − x)2 (5.17)
∂xf
∂y
= − xf − x




| ~Xs − ~X|
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| ~Xf − ~X|
| ~Xs − ~X|3





| ~Xs − ~X|
− yf − y




| ~Xs − ~X|
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+
| ~Xf − ~X|
| ~Xs − ~X|3
(ys − y)2 (5.19)
∂yf
∂x
= − yf − y




| ~Xs − ~X|
)
+
| ~Xf − ~X|
| ~Xs − ~X|3
(ys − y)(xs − x) (5.20)
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and by making the same approximations as in the 2D case one finds
∂xf
∂x


























































This causes the like terms to the far right to cancel when the ∂xf terms are summed (∂yf
as well), since the differential terms with respect to θ are counter to one another as seen by



























































At this point, one imposes the ellipsoidal configuration where at some point along z,
there is a surface point (x, y) = (0, r), with ny = −c/ρ and nx = 0. Using this, we can see
what the limits on the width of the panels are, assuming that the root-mean-square of the
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Figure 5.3: The calculated panel width limits of segmented ellipsoid with b = 2, L = 200
















This can be further simplified by taking the limit as not a change in angle ∆θ, rather a













































One notes that the angular segmentation limit around the axis is, much like along the
axis, very small at positions close to the source (z << L). Furthermore, this effect is even
more pronounced at short distances due to the term to the left under the radical. At short
distances, the c2/ρ2 term begins to increase dramatically, overwhelming the distance effect.
Once again, a limit can then be defined that describes the allowable size of a panel located
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at z based on prior knowledge of the ideal surface geometry. For an ellipsoid of comparable
shape to the ellipse in section 5.1.1, b = 2, L = 200, and realized from z = 10 to 50, one can
determine the change in rf with ∆w at any location on the ellipsoid surface. Much as was
done in Figure 5.2, a plot describing the segmentation limit ∆w versus z, and the associated
factor over the same range are presented in Figure 5.3.
5.2 Tests Using a Nominal Ellipsoid Geometry
As alluded to in chapter 4, the ideal reflector geometry is an ellipse, and as such, an
application of the polygonal approximation would be best tested on such a shape. This was
done previously in chapter 4, but now we will design a new ellipsoid with the segmentation
limits imposed by section 5.1. For this case we maintain the same limits but include practical
limitations, such as the maximum length and width of a panel, typically not more than 1
meter long, and rarely more than 20 centimeters wide. Just such an ellipsoidal reflector is
seen in Figure 5.4 along side another slightly distorted reflector that accounts for the off-axis
focal deviation.
The differential reflector that is determined uses focal points located at ~Xs=(0,-0.275,0)
and ~Xf = (0, 0, 200) in meters, and initial conditions for the ODE solver are such that the
reflector will be fully illuminated (r0=0.87), and start at a position that accommodates the
shielding requirements (z0=10.0). The ellipsoid reflector is that of the baseline configuration,
which has nominally identical source interface characteristics.
Testing of these two geometries is done with McStas [Willendrup et al. (2004)] utilizing
a varying set of cold source geometries and positions. The simulated source is of a cold
temperature, and provides a 55 Kelvin Maxwell Boltzman flux-density velocity spectrum.
The spatial distributions at the annihilation foil and its impact on the FOM of an experiment
are observed to understand the performance between the two geometries. The results are
then compared between the two reflecting surfaces, and the results compiled in Table 5.1.
Comparing these results to each other allows one to understand what the benefits and
limitations are for each geometry. To do this, the FOM and neutron intensity at the foil
are normalized to the neutron intensity that exits the Large Beam Port. The results show a
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Figure 5.4: Side views of differential reflector (bottom) used in comparison the to the
baseline reflector (top) configuration. As seen table 5.1, there is a notable improvement in
the FOM using the differential reflector. One notes the slight deviation in the ellipsoidal
shape in the bottom, to accommodate the displaced focus at the source.
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Table 5.1: A comparison of source configurations with the two reflector geometries. The
off-axis source sits at the source focus of the differential reflector, and the on-axis source sits
at the source focus of the baseline reflector. Highlighted in blue and red are FOM’s showing
the superior performance of the differential reflector geometry in both the point and areal
source geometries. Highlighted in green is the expected trend in transport efficiency due to
the larger spatial distribution of the emitted intensity.
Cold Source FOM (AU) Intensity (AU) Mean Flight Time (sec)
Geometry Baseline Diff. Baseline Diff. Baseline Diff.
On-Axis Point Source 3.6 0.33 68 8.4 0.215 0.180
Off-Axis Point Source 0.36 4.3 7.7 68 0.200 0.234
Off-Axis 10cm Source 0.36 4.0 7.7 66 0.201 0.230
Off-Axis 20cm Source 0.37 3.0 7.9 55 0.202 0.219
On-Axis 20cm Source 2.5 0.34 53 8.6 0.203 0.182
20% improvement in FOM by the differential reflector over the comparable baseline. This
is encouraging, since that there is now a mechanism that can be utilized to
effectively steer the focal points with little to no degradation in performance,
even with larger volume sources.
5.2.1 Further Reflector Optimization
In addition to distorting the shape of the reflector to steer the beam, additional information
is taken from these simulations that allow one to optimize the reflectivity of the surfaces.
Whenever a neutron is reflected from a panel surface in the simulation, the transverse velocity
and position along the reflector is recorded. Taking this information into account allows one
to determine the real contribution a reflecting surface makes to a total FOM, by knowing
the transverse velocity spectrum on that surface. An example of this is seen in Figure 5.5.
The result is an opportunity to limit the costs associated with a higher-performance, but
potentially under-utilized, surface coating. Rather than specifying a super-mirror coating m
number across the whole length, one can specify a transport efficiency limit for the reflector.
This new metric is determined by taking the normalized cumulative sum of the FOM from
vT = 0 onward, seen in figure 5.6 for each panel. Then, one determines the precise transverse
velocity cut off that correlates to a certain percentage of the total hitting the panel. This is
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Figure 5.5: Transverse velocity spectra for m=6 reflectivity panels at 10, 20, 30, 40 and 50
meters. The contribution to the FOM from each panel can vary drastically based on position
along the reflector.
done across the full z range of the reflector shape, ultimately providing a reflectivity limit
for each panel versus z.
One could go a step further and normalize this not by the FOM contribution on each
panel, but by the FOM of the whole system. This would be a useful method for determining
the real value that a specific panel is providing to the experiment as a whole, and whether
it would be make sense to allocate resources to a better coating further upstream or to a
installing an additional panel further downstream.
5.3 Analysis of Improvement to a NNBar Experiment
Ultimately, the concepts presented within this chapter are to be utilized in an experiment
that would benefit from the implementation of a novel focusing geometry. Such experiments
are performed at neutron facilities such as those discussed in chapter 3, and these types of
designs should facilitate improvement of experiment sensitivity via three channels:
• Integrated Intensity. The cold neutron intensity at the target position should be
maximized, and gravitational effects accounted for.
• Free Flight Time. The aforementioned neutron intensity should have as long a flight
time as possible under controlled experiment conditions.
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Figure 5.6: The normalized integral of the traces seen in Figure 5.5 (left). Using these in
combination with a specified transport efficiency limit, the reflectivity characteristics of each
panel along the reflector can be specified (right).
• Background. The annihilation signal of n̄ and carbon nucleus in the detector can be
sanitized of any exposure to undesirable sources of background (fast neutrons, gamma
rays, etc.).
As noted in chapter 2, the figure of merit for a beam based anti-matter oscillation
experiment is N〈t2〉, where N is the total neutron intensity, and t the free flight time.
Optimization of such an experiment by the implementation of these concepts follows.
Increasing Cold Neutron Intensity
The maximization of cold neutron intensity onto an annihilation foil a long distance (>100
meters) is key to enhancing both facets of the sensitivity in this type of experiment. Thus,
simulations should be performed to better understand the value that each reflection provides
to the overall sensitivity. Given a known spectral intensity at the source, one can guide
the most valuable part of this phase space to the annihilation foil and compensate for
gravitational effects, while at the same minimizing the reflectivity requirements of each
surface. Furthermore, the rigid requirement that the focusing surfaces converge at small foci
can be relaxed given that the source nor the target are point-like in nature. This facilitates
segmentation that, as noted in section 5.1.2, permits the shape and size of the reflecting
surfaces to be dictated by their location along the nominal beam trajectory and by the
allowed deviation of the trajectory to the focus. Said deviation is determined by the size
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and shape of the annihilation foil and, to some extent, the apertures immediately upstream
of that foil.
One begins by taking the simple conceptual design proposed in chapter 4, and
then modifying the geometry to accommodate the source location and compensate for
gravitational effects on low-velocity neutrons, which provide substantial impact to the
sensitivity of the experiment.
Lowering Background
Spallation sources create substantial (albeit time-resolved) backgrounds that are detrimental
to the quality of signals in most instrumentation, consisting of fast neutrons and prompt
gamma radiation. That said, one could imagine an optical configuration that not only
enhances focusing on the annihilation foil, but also would allow for a reflecting geometry
with both foci locations that are off-axis. There are many examples of using a curved
guide geometry in neutron scattering instrumentation as a neutron wavelength filter. By
dictating the reflectivity of the confining walls and radius of curvature of the guide path,
some wavelengths will be reflected and continue towards the sample position, and others will
pass straight through the surface, ultimately penetrating into the surrounding shielding.
Using this idea, one can imagine steering the target focus so far off axis that the
annihilation foil would lose direct view of the source. The result would be a geometry
that provides a significant neutron transport capability, while at the same time providing
substantial rejection of undesirable background particles. This is due to the now-practical
possibility of installing shielding in line-of-sight between the source and the annihilation foil.
5.3.1 Proposed Experiment Reflector Geometry
Given all presented here, and the goals needed for a successful experiment, one can now
begin to develop a geometry that meets the goal of increasing the sensitivity and lowering
background as well. An *.OFF (Object File Format, [Wikipedia contributors (2018)]) file
that meets the criteria specified above is found in Frost (2019). This geometry was calculated
using Python2.7 code specified in appendix A, and uses foci at ~X1 = (0,−0.275, 0) and
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Figure 5.7: A segmented, differential reflector geometry that both gathers the intensity at
a source off-axis position and steers the focus at the annihilation target 4.0 meters off the
nominal beam trajectory. Views are not to scale, and show the shape from above (upper
left), side (lower left), and in the transverse plane of the nominal beam trajectory (upper
right).
~X2 = (4.0, 0.0, 200.0), with an initial entrance aperture 0.87 meters radius at z = 10 meters.
The reflector ends at z = 50.0 meters, and is seen in figure 5.7. Further analysis provides a
maximum required reflectivity for each surface, given the criteria that 80% of the sensitivity
contribution from every surface be retained. The final result is an experiment sensitivity
that is almost 15% higher than that specified in chapter 4 for the baseline configuration, but
also facilitates off-axis source terms, and the potential for significant background rejection
in the tracking detector apparatus by moving the target focus off-axis, as seen in table 5.2.
5.4 Discussion
The differential reflector concept has shown it can provide a boost in performance beyond
that of the normal ellipsoid reflector, with the added benefit of beam steering, as seen in
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Figure 5.8: A sampling of traced rays for the LD2 source and differential reflector steering
the beam 4 meters horizontally, with gravity. The geometry is effective at steering the beam
strongly in the horizontal direction, as seen in the experiment view form above (blue), while
still providing a focus on the source, just below the entrance aperture center axis, as seen in
experiment view from the side (red).
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Table 5.2: A comparison between a differential reflector with and without beam steering,
as well as the baseline reflector configuration. Beam steering enables the implementation
of shielding that would benefit the tracking detector system exposure to spallation target
by-products.
Configuration
FOM On-Foil Target Mean Free Flight
(ILL/year) Intensity (n/s) Time (seconds)
On-axis Baseline 297 1.956 ×1013 0.227
Off-axis Source 353 2.024×1013 0.245
Off-axis w/ Steering, x=2.0 352 2.032×1013 0.244
Off-axis w/ Steering, x=4.0 333 1.882×1013 0.246
figure 5.8. The increase in intensity of the non-steered differential reflector is due to the
fact that one can utilize the entire acceptance of a given opening, in this case the LBP,
while still remaining focused on the source, regardless of the opening position relative to the
center of the source. In addition, the target focused steering effect provides only a small
penalty in intensity and no noticeable difference in the free flight time of that intensity on
the annihilation foil. This will provide guidance as to where improvements in the experiment
design can be made.
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Chapter 6
Investigations into Novel Neutron
Reflecting Media
Building upon concepts discussed in chapters 4 and 5, one can also develop neutron optics
that leverage small-angle scattering instead of diffraction or true reflection. Using a bulk non-
specular reflecting medium could provide two benefits. The first being that nano-particles
are inexpensive and industrially ubiquitous, and the second being the potential for resilience
under high thermal and radiological conditions. The resilience of such materials under harsh
conditions is a mechanism that would solve an on going challenge in the neutron guide
community [Boffy et al. (2015)]. Both of these features are beneficial to the future utilization
of neutron reflecting technology, given that neutron sources are becoming more intense and
scattering instrumentation demanding more efficient transport of the brightness produced
at the moderator.
As one sees in figure 6.1, the reflection probability across a range of transverse neutron
velocities, vT , for a range of potential materials, one notes a significant gap between 10
and 1000 m/s. This gap is partially overcome by super mirror reflection, but as mentioned
before, these are not resilient under harsh conditions, nor do they provide much reflection
beyond 40 m/s. Previous studies on the nearly-normal reflection of Very Cold Neutrons
(VCN) from bulk nano-diamonds suggest a potential answer at grazing incidence angles for
cold and thermal neutrons [Nesvizhevsky et al. (2008)].
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Figure 6.1: As seen in Nesvizhevsky et al. (2008), there is a notable gap in very cold
neutron (VCN) reflectivity among typically utilized materials. However, Nano-diamond
materials with high bulk density seem to fill this gap to some extent.
6.1 Diffuse Neutron Reflection
Typical optical components leverage the significant specular effect that is provided via more
traditional reflecting means. While traditional mirrors and super-mirrors do have a small
non-specular component associated with them, this is considered to be undesirable (one also
hopes negligible), and contributes only to the degradation of the reflecting quality. This non-
specular component, when a dominant optical feature, is referred to as Diffuse Scattering.
Diffuse scattering can originate from many different sources, the most prominent of
those being an incoherent scattering contribution by nuclei in a material. The second most
frequently encountered diffuse scattering mechanism is in the disordering of periodic crystal
structures. Depending on the scale of the disorder, this is actually a feature that is leveraged
in the field of crystal-diffraction optics to increase the diffracted intensity from a reactor beam
and towards the experiment of interest [Riste and Otnes (1969)]. Finally, multiple scattering
is an effect that can stochastically distort a neutron beam in typically a less-than-desirable
way.
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6.2 Small Angle Neutron Scattering
Small-Angle Neutron Scattering (SANS) is a technique that has become widely utilized
across a large range of materials-focused disciplines [Heller et al. (2018)]. Small Angle
Scattering is a measurement of the change in scattering vector q due to the interaction of
the neutron incident with a scattering center as noted by ki. The resulting scattered vector
kf is measured, and q calculated assuming that the scattering effect was strictly elastic,
|ki| = |kf |. Thus, the equation describing the instrument geometry is as follows
q = |~kf − ~ki| →
√
(kfx − kix)2 + (kfy − kiy)2 + (kfz − kiz)2 = q
~ki = [0, 0, |ki|]→
√
|ki|2 sin2 θ cos2 φ+ |ki|2 sin2 θ sin2 φ+ |ki|(cos θ − 1) = q
→ |ki|
√
sin2 θ + (cos θ − 1)2 = |ki|
√
sin2 θ + cos2 θ − 2 cos θ + 1 = q
→ |ki|
√











Here, λ is the neutron wavelength and θ is the scattering angle relative to the incident
beam trajectory. Small-angle scattering of thermal neutrons involves q ranges that reside far
away from Bragg-diffraction resonance conditions, where q is on the order of 10Å
−1
, thus the
technique is utilized in length scales that are on the order of many nano-meters or 0.001Å
−1
.
An example of typical SANS data is seen in 6.2.
The goal of instrumentation leveraging this effect is to provide scattering length densities
for a given q, thus providing information with regards to a material’s nano-structure and
density, ρ(r). ρ(r) cannot be calculated directly, since the scattering intensity only reveals
the magnitude of the material scattering factor. The result is to develop a model that “fits”
best the data provided by the instrument, and typically requires material systems where
phases can be readily (and predictably) exchanged for signal comparison (thus providing
high contrast), rather than a direct structure refinement as is typical with crystallographic
methods.
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Figure 6.2: A typical SANS data set (blue), model (green), and corrected model fitting
(red) [Hammouda (2008)].
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6.3 SANS Scattering Model
Leveraging the ease by which one can induce small-angle neutron scattering in nano-
structured materials and providing macroscopic geometries that encourage multiple scat-
tering, one can develop a simulation that determines the feasibility of many small-angle
scattering occurrences as a neutron reflecting medium. The aforementioned European
Spallation Source will have time-averaged brightness that rivals ILL, and given the
compactness of its moderators, will have to accommodate a high density of optics very
near the source. Thus, simulations to evaluate the potential improvement to the sensitivity
of an experiment due to the incorporation of a novel reflector at this location would be
prudent.
The model for this type of reflection and scattering was first proposed in Nesvizhevsky
et al. (2007). It is there where a nano-particle scattering model is calculated and applied
to ultra-cold neutron (UCN) and VCN incident intensities. The model calculates a nano-
particle scattering amplitude that depends on the relatively macroscopic optical potential
V0 − iV1. This potential is calculated via the Fermi potential V (j)(r) for each nucleus j and
the density ρ of said nuclei in the material of interest. One starts with the real component








As this is an optical potential, its intensity is actually in contrast to any optical potential
that is created by surrounding material(s), thus the more relevant equation for a two-phase





































The result being an optical potential suitable for further calculation of the scattering cross-




















For the imaginary component of the optical potential, one need only take a weighted sum of









This optical potential is now ready to be applied to actual scattering centers with radius









Where θ is the angle between the incident vector ki and the scattered vector kf and q =









and from here, the scattering and capture cross-sections
σs =
∫
|f 2|dΩ = 2π
∣∣∣∣2m~2 V













To calculate the true probability of scattering in a medium, one must calculate the
macroscopic cross-section, and utilize the Beer-Lambert Law seen in equation 6.9 to








Here Φ is the particle intensity through the aforementioned medium. The attenuation factor





Here, ρ is the number density of particles of type i, and σ is the cross-section of the those










Taking into account the density of the bulk, one can now calculate a true attenuation length
λ = 1/µtotal. This attenuation length is the first randomized calculation in the model,
used to determine the location of interaction. The cumulative probability distribution of the
interaction through the medium is strictly the opposite as the beam attenuation distribution.
Solving this for z, and inputting a uniform random number between zero and one, yields a
function that produces a population that reflects the interaction probability distribution.
P (z) = 1− e−µz → − ln(1− P )
µ
= z (6.12)
Once the macroscopic depth of the neutro/nano-particle interaction is determined, one
now needs to assign the radius of the particle R, whether it was absorbed or scattered, and
(if scattered) the angle of the new trajectory θ. Each of these interaction characteristics is
determined via random sampling of the known distributions associated with the material.
For the radius, the distribution describing the poly-dispersity is sampled. Since this is
not a distribution that can be fit via any well-known parameterized function, the cumulative
sum of the points in the distribution will need to be determined and interpolated for an
appropriate population to be created that fits the prescribed distribution. One begins with
a set of points that represent the distribution, fn and xn. Next, create a cumulative sum
with the same number of points cn, and shift and scale cn such that c0 = 0 and cmax = 1
cn =
∑n




Finally, find the interpolant cn, which correlates to the xn that will be returned when sampled
from a univariate distribution range. The same method is used to determine the scattering
angle of the neutron off of the now known particle of radius R.
6.4 Multi-SANS Simulation
The simulation of a neutron interaction with a poly-dispersed nano-particle powder of
known density and nuclear makeup can now be rendered based on the determination of
the aforementioned probability distributions. Utilizing this method, one can now develop
subroutines that sample values from these distributions under the provided conditions, and
then repeat the scattering process until the neutron emerges from (or is absorbed by) the
bulk.
6.4.1 Nano-diamond Powder as a Multi-SANS Material for
Neutron Reflection
Nano-diamond (nD) powder is a material that is good for reflection via scattering means, as
it has a high nuclear density, a reasonable scattering length, and almost negligible absorption
cross-section. Parameter values for packed, bulk nano-diamond are a mass density between
0.25 and 0.75 grams/cm3, and particle radius on the order of 5 to 10 nanometers. Any higher
density would require sintering, which is not available for small scale development at this
time. Here we assume for simplicity that the particle resides in vacuum, thus simplifying the
calculation of V0 and V1 for nano-diamond bulk. Inputs to the nano-reflection simulation
are position, velocity, normal vector of the surface, and depth of material. The model then
utilizes these inputs and known distributions to determine (in order)
• the location of the interaction within the bulk by performing the appropriate coordinate
system change and the calculated attenuation.
• whether the interaction is absorbing or scattering
• the radius of the particle that has been encountered
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• the relative exit angle of the scattered neutron
This procedure is repeated until the particle emerges from either side of the bulk, at which
point the exit velocity and position is converted back to the original reference frame and
passed back to the main program for further processing. This subroutine can be found in
appendix E.
6.4.2 Testing and Results
The developed simulation will ultimately be used as a subroutine in a larger simulation,
and thus a series of tests that quantify the quasi-specular reflection effect are performed
and compared to experiment results. This is done by running the subroutine within a
simple program with a defined input, and scanning that input across the same range as in
experiment. A high repetition of the same input will provide an output that will be random,
but will provide a characteristic distribution that is stochastically repeatable and comparable
to experimental tests.
To do this testing, the subroutine will need to provide a velocity and position of the
neutron, and the vector normal of the surface that defines the beginning of the bulk. These
features will dictate the wavelength and incident angle of the neutron.
6.5 Simulations as Compared to Existing Published
Experiments
In Nesvizhevsky et al. (2018b) an experiment was performed and described that would
further understanding of the quasi-specular reflection effect. Furthermore, this experiment
can also provide more insight with regards to the accuracy of the proposed simulation.
If the simulation deviates significantly from the experiment results, one could create a
phenomenological scattering kernel that uses these results as output with the appropriate
change of coordinate space. Said kernel would then be implemented at the same point
as the original multiple scattering model, and then incorporated into further ray-tracing
simulations.
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Figure 6.3: Results of the reflection simulation over a range of neutron wavelengths from
a grazing incident angle of 1◦ (left). The diffuse scattering effect is prominent but not
overwhelming, and compares somewhat to what was seen in Nesvizhevsky et al. (2018c)
(right). This, in combination with the lateral (or transverse) scattering angle distributions,
(Figure 6.4) show a quasi-specular reflection effect.
Comparing the simulation versus the experiment for the same bulk density (0.3
grams/cm3) and thickness (6 mm), one finds a strong similarity in the diffuse feature of
the surface reflection angle, but the total scattering intensity is lower in simulation than the
experiment, as seen in figure 6.3.
Due to the fact that the experiment results show only diffuse scattering angles relative
to the surface, these results can only be used for comparison. The experiment does not
reveal any trends related to the transverse scattering direction, which the simulation shows
to be relevant (seen in figure 6.4) and we know to be true from the nature of SANS data
from spherical nano-particles [Hammouda (2008)]. Thus, moving forward with a strictly
phenomenological model (not simulating any real multiple scattering, but only utilizing a set
of probability distributions), would not be possible. Fortunately, the features and intensity
that are seen in simulation are at least of the same order as those in the experiment, and
provide some reasonable insight into the impact that this type of reflector can provide under
real experimental conditions.
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Figure 6.4: Results of simulating the reflection of a range of neutron wavelength from a
grazing incident angle of 1◦. There is a wavelength dependency to the lateral component of
the quasi-specular scattering, in some cases exceeding that of the surface scattering angle,
seen in figure 6.3.
6.6 Improvements to Neutron Oscillation Experiment
Now that a model has been developed and tested, one can incorporate it into a simulation
that includes a source and defined surfaces that would be made up of the nano-particle
bulk. This simulation is used to show what specific improvements can be made to a neutron
oscillation experiment, if any.
The benefit of this material is its resiliency under extreme conditions, thus it would be
prudent to utilize this material at reflecting surfaces very close to the source, in particular
at the Large Beam Port at ESS. The result will hopefully be some appreciable amount of
redirection of the highest-diverging intensity off of the walls of the LBP (assumed previously
to be fully absorbing) and into the reflector entrance on to the annihilation foil. One
can understand the potential for improvements by first understanding the neutron flux
distributions at the entrance and exit of the LBP and what parts of that intensity are
utilized at the annihilation foil, thus contributing to the figure-of-merit.
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Figure 6.5: Neutron flux distributions at the upstream entrance to the Large Beam Port
from the source (left), and a subset of that flux which only makes it through the reflector to
the foil target at 200 meter distance (right).


























































Figure 6.6: Neutron flux distributions at the downstream entrance to the Large Beam Port
from the source (left), and a subset of that flux which only makes it through the reflector to
the foil target at 200 meter distance (right). The hole in the middle of the intensity is due
to the restricted foil radius, as this intensity will miss the focusing reflector and the foil.
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As seen in figure 6.5, the flux distribution into the LBP is wider than the actual amount
that enters the reflector, and even more so that which hits the ideal annihilation foil location.
This is also true of the exit of the LBP, seen in figure 6.6. The conclusion here is that even
with the constrictions provided by the LBP, a larger part of the highly divergent intensity
originating from the voluminous LD2 source could potentially be redirected.
Thus, coating the inside of the LBP with a layer of nano-diamond reflector to improve
experiment sensitivity seems reasonable. The question to answer is whether or not the
intensity that is redirected ultimately arrives on the foil. Using the tested simulation
for a neutron/nanoparticle reflection and the defined LBP geometry, the baseline reflector
geometry is simulated with the Liquid Deuterium source. Two simulations are performed,
one with an absorbing LBP, the other with a nano-reflector of thickness 6 millimeters and 0.7
grams per cm3 bulk density. At first look, a higher intensity of neutrons are transported to the
200 meter distance with the nanocoating simulation, however these neutrons are not within
the planned annihilation foil target. The position of the target is dictated by the performance
of the specular reflector down stream. A small sampling of ray-traces showing the effect by
this configuration is seen in figure 6.7. The conclusion here is that while the nano-particle
reflector can provide a boost in the overall transport, a wider range of geometries should
be investigated further to provide any real benefit to an NNbar experiment. Other surface
geometries could be developed and placed into the LBP, hopefully providing more neutron
transport, but not so much as to interfere with the performance of the specular reflector
downstream to the foil.
Furthermore, since the focusing performance by a diffuse reflector is less controlled, an
additional optic just downstream of the LBP that gathers this diffused intensity and focuses
it on to the foil could provide a benefit under the right conditions. Such a geometry would
need to exist between the end of the LBP (5.5 meters) and the entrance to the baseline
reflector (10 meters), which is not so close to the target/reflector system that long term
damage to optics would be of concern. A diagram describing such a geometry can be seen
in figure 6.8.
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Figure 6.7: A side view (top) and plan view (bottom) of a sampling of ray-tracing
trajectories that had an interaction with the nano-coating at the LBP, as well as reflected
off of the primary reflector and finally arrvied at the 200 meter foil position. Trace colors
indicate the same neutron trajectory for side and plan views. One notes the significant
lack of probability of hitting a foil with 1 meter radius when the neutron scatters from the













Magnetic Shielding and Vacuum Tube
Nano-Powder
Figure 6.8: Proposed addition of nano-reflector (thin red line) and parabolic High-
Divergence (HD) reflector (thick red line, not to scale). The HD reflector would have a
focus at the annihilation foil, 200 meters downstream from the source.
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6.7 Proposed Path Forward
Given the unexpected minimal improvement to the experiment, further investigations are
necessary if this type of reflecting medium were to be utilized in such a fashion, in particular
to increase the amount of cold neutron intensity on the annihilation foil of a neutron
oscillation experiment. Also, there is concern of the simulation under-performing with
regards to reflection probability, and thus an experiment should be pursued that considers
a given specific bulk configuration’s total phase space impact on a beam across a range
of surface incident angles. Validating simulations versus experiments for this scattering
effect is a defined development path within the Neutron Technologies Division at Oak Ridge
National Laboratory, with beamtime at a neutron reflectometer already allocated to such
an endeavor (see figure 6.9). In addition, new neutron simulations of the effect that are
compatible with existing ray-tracing and monte-carlo packages are ready for use [Grammer
and Gallmeier (2019)]. Further research and development of nano-particle reflecting media
for cold neutrons will provide a valuable research tool in the future of design of neutron
sources, in particular a Liquid Deuterium source at the ESS
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Nominal Incident Beam Direction






















SNS BL4A Magnetism Reflectometer
Overhead View
Figure 6.9: A schematic of the Magnetism Reflectometer at the Spallation Neutron Source
in Oak Ridge, TN, USA. The experiment proposed will use a densified sample of nano
diamond powder to map the entire scattering distribution from a range of incident angles
and wavelengths. This would then be used as a refined scattering kernel in a subroutine to





An important factor in realizing a new experiment to observe matter/anti-matter oscillation
is designing a concept that meets the goal of 1000 times better sensitivity than the last
attempt documented in Baldo-Ceolin et al. (1994). The European Spallation Source (ESS)
has shown great potential in providing the intensity of neutrons required to meet this goal.
With that said, the ESS is not only charged with providing neutrons to the particle physics
community, but also the materials research community. Since the precious neutron resource
provided by the ESS is so rare, it must be shared among a strategically selected group of
instruments with a variety of capabilities, designs and scientific requirements. This means
that there are limited number of ways that all of these instruments can be put together and
still all be successful.
This suggests that the success of such a large scale experiment would require a certain level
of flexibility in order to accommodate changes in and around the experiment. This means
that the final experiment simulation will need to be parameterized in order to understand






Figure 7.1: Experiment reflector parameters most relevant to the design and success of an
NNbar experiment. Two examples of possible neutron trajectories are seen in red.
7.1 Experiment Geometry
As noted in chapter 2, there is a baseline experiment geometry that one can start with that
has been shown to provide sensitivity on the order of 300 times that of the ILL experiment
per year of operation. This geometry is an ideal starting point, and from here parameters
can be identified, scanned and optimized to understand the real impact that these changes
can have on the sensitivity.
Furthermore, the need to scan parameters will become more important as project scope
changes. This can occur due to compromise in costs or increase in capability due to
unforeseen technological advancements.
As seen in figure 7.1, the parameterized experiment is not too different from the baseline,
but with a few additional reflector variables to accommodate the new differential reflector
geometry.
7.1.1 Relevant Parameters
Using this baseline, parameters for the reflector and experiment geometry are defined for
further investigation. These are
1. Source Focal Point Position, ~xS
2. Target Focal Point Position, ~xf
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3. Reflector Start Position, zi
4. Reflector End Position, zf
Further more, there are some components that would be best optimized to minimize intensity
off of the foil
1. Apertures 1 and 2 Position and Radius
2. Foil Radius
These later parameters are incorporated into the simulation, but would need to be
scanned in concert with another simulation that describes the tracker detector response
to thermal neutrons, fast neutrons, gammas, etc. The time structure of the neutron source
would also need to be considered here, since the background particle population is drastically
different while the proton beam is colliding with the tungsten target.
7.2 Monte-Carlo Simulations
A series of simulations were performed to not just determine the best figure-of-merit, but to
understand the impact these parameters have on the FOM. Ideally, simulations are run long
enough to resolve the FOM to 1% relative error over the prescribed parameter range.
The final simulation program incorporates the determination of the differential reflector
in an external function in order to easily scan those parameters. Once the new reflector
geometry is determined, the simulation is run across as many cores as feasible.
7.2.1 Practical Figure of Merit
In addition to the figure of merit, on-foil neutron intensity and neutron mean free flight
time as outputs of the simulation, it will also provide a total reflector area. This allows
one to not just optimize the experiment based on FOM, but also be aware of cost limiting
factors associated with a given configuration. This drives the need for a redefinition of the
figure-of-merit, which was previously defined strictly by experiment sensitivity N〈t2〉. Now
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we can define a practical figure-of-merit (PFOM) that takes into account (to some extent)
the cost of the super-mirror reflector.
For this we can define a PFOM that normalizes the experiment sensitivity (FOM) to
another figure of merit function that uses the reflector area and reflectivity as its inputs.
One performs a thought experiment to ensure that limiting cases are not created that hinder
the usability of the FOM. Imagine an experiment with the source only, and no reflector.





Here, W is the cost normalization factor, which if it was the only term in the
normalization, would create a singularity when no reflector is utilized. Now we look at
W . W would ideally be a resource cost function associated with both the vendor price of the
reflector parts and the installation cost of the whole assembly. Determination of this function
without actually fabricating and installing every possibility is not feasible. However, we can
make assumptions on how they scale to understand limits of practicality for final design of
the experiment. For example, we assume that cost of installation goes up less-than-linearly
with reflector area and the cost of fabrication of mirrors going up like the square of the m




In this case, a nominal ellipsoid shape would be used, and thus there is a dA associated
with the radius r along the reflector length z. If the reflectivity along the mirror were to
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Figure 7.2: Scans of the reflector source focal point along the vertical axis (left) and the
horizontal (right). In either direction, there is a nominal flat top in the FOM, due to the
large emission surface area of the LD2 moderator.
Here, r(z) provides the nominal ellipsoid shape as specified in equation 4.14, and m(z) is a
nearly decreasing value from no more than 6 at zi to nearly 3 at zf , depending on the final
geometry and desired transport efficiency, as seen in figure 5.5. For the sake of simplicity,
this graduated reflectivity will not be accounted for in the final cost normalization, yielding







One qualifies all of this with the fact that this is just one example of the scaling
methodology associated with developing a practical figure of merit, and that determination
of this normalization is likely a significant project in-and-of itself.
7.3 Results
As mentioned previously, scans can be performed that describe parameter impact near the
baseline configuration. Below is a review of those results.
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Figure 7.3: A horizontal scan of the foil reflector focal point across a 4 meter range. The
penalty for this type of “beam steering” geometry is minimal, and would be out-weighed by
the potential background reduction benefits (left). In addition, the area of the reflector goes
down with this scan (right), an unexpected benefit.
7.3.1 Source Focal Points
Position scans of the focal point near the source reveal an obvious phenomenon; the center
of the source distribution is the best location for the focal point. More interestingly however,
it does reveal the level of precision that is required to transport maximum intensity to the
foil providing an optimal FOM. The vertical scan provides a nominally flat FOM centered
about -0.28 meters with a full-width at 90% of maximum of approximately 0.08 meters.
The transverse horizontal scan of that focal point shows the same effect, but centered about
0.0 meters horizontal (the center of the source), and a full-width at 90% of maximum of
approximately 0.12 meters. One can see the results of these scans in figure 7.2.
7.3.2 Foil Position
Position scans of the focal point nearest the foil are interesting from the perspective of
facilitating a lower background, as mentioned in section 5.3. Scans of this focal point can also
provide a level of flexibility with regards to terrain and accommodating other instrumentation
nearby. As seen in figure 5.7, the shape of the reflector will be impacted greatly by the
significant distortion of the surface.
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Figure 7.4: A scan of the super-mirror reflectivity “m” value for the focusing reflector.
The FOM increases significantly with increased critical angle value (left). The PFOM
plateaus between 2.5 and 3.5 for the given resource-cost normalization. Using the PFOM as
optimization criteria would yield 1000 times improvement in sensitivity in 5 years.
As seen in figure 7.3, there is very little change to the reflector total area (down ∼ 5%
of the peak), so PFOM is not an interesting metric of comparison. In addition, only a slight
(∼ 10%) degradation in the FOM over the 4 meter horizontal scan distance is seen for this
configuration. Further work will need to be done to understand the benefits of focal point
steering, key to this being a means by which to understand the background intensity of
different configurations in and around the annihilation foil and tracking detector apparatus.
7.3.3 Panel Reflectivity
Panel reflectivity is a parameter where there is strong potential for maximizing the FOM, but
also optimizing the reflectivity up to and only for what is needed to meet the experiment
length-of-time goal of three years, which would be an FOM of 334 ILL/year. This is a
parameter where the PFOM proposed in section 7.2.1 will provide a good indication of
experimental value, given the major impact reflectivity has on the reflector cost. The
PFOM plateaus between m=2.5 and m=3.5 for the given resource-cost normalization. Using
the PFOM as optimization criteria would yield 1000 times improvement in sensitivity in 5
years. This is comparable in performance to the idealistic baseline reflector configuration
proposed in chapter 2 More detailed simulations that change the m value over the length, as
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Figure 7.5: A scan of the start position of the reflector. The beginning of the reflector
contributes substantially to the total FOM.
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Figure 7.6: A scan of the end position of the reflector. One notes the increase in FOM,
but the nominally flat PFOM due the increased area of the reflector.
proposed in section 5.2.1 could provide more experiment sensitivity for the same resource-
cost normalization.
7.3.4 Reflector Start and End
The beginning and end positions for the reflector geometry along nominal beam trajectory
(z) axis can provide insight as to the real contribution each panel makes to the FOM. This
will obviously also impact the PFOM, since these positions dictate strongly the total area of
the reflector.
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As seen in figures 7.5 and 7.6, these parameters have a significant impact on the FOM
and PFOM of the experiment simulation.
7.4 Conclusions
Utilizing simulations to understand and develop large-scale neutron instrumentation can
provide a significant level of insight into the ultimate sensitivity of an experiment. In the case
of a neutron oscillation experiment, one finds that there is substantial value in understanding
the source (LD2 ESS.comp, appendix C), source interface (Large Beam Port, appendix D),
and the final reflector design [Frost (2019)] to reach a level of sensitivity of 1000 times the
prior attempt at observation. This is just one part of the entire experiment, however. The
tracking detector will need to be designed and optimized for the final foil geometry, and
backgrounds studied to facilitate correct shielding materials and geometries. Magnetic field
cancellation significant enough to facilitate the quasi-free condition (noted in section 1.3.1)
will be no small technical feat to overcome around a nominal 200 meter long, 4 meter wide
vacuum volume. A detailed look at the reflector geometry is my contribution to seeing this
type of experiment come to reality.
The ESS is expected to be at full operating power (5MW) by 2030, and throughout the
next decade there will be a significant push to design and optimize a new moderator below
the tungsten target. If said moderator succeeds at producing the same intensity and spectral
brightness as the hypothesized LD2 moderator [Klinkby (2014)] or better, then the goal of
an experiment capable of observation of Baryon Number Violation with cold neutrons can
become a reality using these novel reflecting geometry concepts.
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Afterword
This body of work was ultimately inspired by my desire to understand further, and enhance
my contribution to, the field of neutron instrumentation. In my current position at Oak Ridge
National Laboratory, I have been given a great opportunity to support and contribute to
many successful neutron scattering experiments. From those experiments and my experience
here at The University of Tennessee, I have come to understand that there are many ways to
contribute to the larger body of science, and in so many ways it is a group effort. There will
always be new discoveries, new technologies, new simulations, and new failures. These all
taken together are what make up humanity’s scientific knowledge, and what we as scientists,
engineers, technicians and program managers will pass on to our successors in this great
field. Our scientific endeavors have reached a great level of complexity that cannot simply
be supported by one person, one company, or one funding organization. That we are able to
combine our resources, knowledge and capability that allows our body of knowledge to grow
at such an astounding rate is truly awe inspiring to me.
The range of scientific fields that have been touched by neutrons is so vast; Particle
Physics, Condensed Matter Physics, Chemistry, Materials Science, Biology and Medicine.
With this in mind, I look forward to contributing new ideas and methods that will continue
expanding the use of neutrons across a wider range of disciplines, and that will advance even
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A Numerical Calculation of Differential Surface
Geometry using Python2.7, SciPy, and NumPy
1 #!/ b in / bash python2
2
3 from numpy import ∗
4 from numpy . l i n a l g import norm
5 from s c ipy . i n t e g r a t e import odeint , ode
6 from s c ipy . i n t e r p o l a t e import in te rp1d
7
8 from matp lo t l ib . pyplot import plot , show , f i gu r e , axis , h i s t




13 par se r = argparse . ArgumentParser ( d e s c r i p t i o n=’Make D i f f e r e n t i a l Re f l e c t o r ’ )
14 par s e r . add argument ( ’ i n t e g e r s ’ , metavar=’N ’ , type=int , help=’Number o f segments in phi ’ )
15
16 args = par se r . pa r s e a r g s ( )
17 n = args . i n t e g e r s
18
19 def e l l i p s e ( z , b ,L ) :
20 #Equat ion f o r an E l l i p s e w i th semi−minor r ad i u s b and f o c i l o c a t e d a t 0 and L
21 top = ( z−L/2.0)∗∗2
22 bottom = b∗∗2+L∗∗2/4.0
23 return b∗ sq r t (1−( top/bottom ))
24
25 def nor (X1 ,X0 ,X2 ) : #Ca l c u l a t i o n o f b i s e c t i n g vec to r , Equat ion 5 .1
26 V1 = X1−X0
27 V2 = X2−X0
28 v1 = norm(V1)
29 v2 = norm(V2)
30 v = (V1/v1+V2/v2 )/ f l o a t 1 28 ( 2 . 0 )
31 return v/norm(v )
32
33 def dr dz ( r , z ,X1 ,X2 ) : #Coupled f un c t i o n inpu t to s o l v e r
34 x = r [ 0 ]
35 y = r [ 1 ]
36 n =norm( nor (X1 , array ( [ x , y , z ] ) ,X2) )
37 nx , ny , nz = nor (X1 , array ( [ x , y , z ] ) ,X2)/n
38 d2 = nx∗∗ f l o a t 1 28 (2)+ny∗∗ f l o a t 1 28 (2)
39 return −nz/d2∗ array ( [ nx , ny ] )
40
41 X1 = array ( [ 0 . 0 , −0 . 2 75 , 0 . 0 ] , dtype=f l o a t 1 28 ) #Source Focus
42 X2 = array ( [ 4 . 0 , 0 . 0 , 2 0 0 . 0 ] , dtype=f l o a t 128 ) #Target Focus
43
44 z 001 = arange ( 1 0 , 2 0 . 1 , 0 . 2 ) #z p o s i t i o n s f o r r e f l e c t o r s to meet s egmenta t i on c r i t e r i a c l o s e r to source
45 z 002 = arange (20 , 50 . 1 , 1 ) #z p o s i t i o n s f o r r e f l e c t o r s o f p r a c t i c a l s i z e
46 z = concatenate ( [ z 001 , z 002 ] ) #Put them t o g e t h e r
47 dz = z [1 : ] − z [ : −1 ] #de t e rm ina t i on o f s t e p s i z e between p o s i t i o n s a l ong z
48 z = ( z [:−1]+ z [ 1 : ] ) / 2 . 0 #Center p o i n t s f o r pane l s in z
49 x = ones ( len ( z ) , dtype=f l o a t 128 ) #I n i t i a l i z a t i o n o f array ’ x ’
50 y = ones ( len ( z ) , dtype=f l o a t 128 ) #I n i t i a l i z a t i o n o f array ’ x ’
51 r0 = f l o a t 128 ( 0 . 8 7 ) #Radius o f en t rance ape ra tu r e
52 r = [ ] #I n i t i a l l i z a t i o n o f array c on t a i n i n g s o l u t i o n s
53 #Angular s t a r t i n g p o s i t i o n s , f i n e mesh f o r c a l c u l a t i o n
54 theta = l i n spa c e (−pi ∗ f l o a t 1 28 ( 1 . 0 01 ) , p i ∗ f l o a t 1 28 (1 . 001 ) , 500 , dtype=f l o a t 128 )
132
55 for i in theta : #Loop through angu l a r p o s i t i o n s
56 r1 = ode int ( dr dz , [ f l o a t 6 4 ( r0∗ cos ( i ) ) , f l o a t 6 4 ( r0∗ s i n ( i ) ) ] , array ( z , dtype=f l o a t 6 4 ) #rk4 ODE s o l v e r
57 args=(array (X1 , dtype=f l o a t 6 4 ) , array (X2 , dtype=f l o a t 6 4 ) ) ) #So l u t i o n a t x , y as d e f i n e d by r0 , t h e t a
58 r . append ( r1 ) #Appending t h e s o l u t i o n to t h e f i n a l array
59 r = array ( r , dtype=f l o a t 128 ) #Convert L i s t t o Numpy Array
60 x = r [ : , : , 0 ] #Ex t ra c t x p o s i t i o n s from s o l u t i o n array
61 y = r [ : , : , 1 ] #Ex t ra c t y p o s i t i o n s from s o l u t i o n array
62 zer = ze ro s ( shape (x ) , dtype=f l o a t 128 )
63 for i in arange ( len ( theta ) ) : z e r [ i , : ]= z #Create array o f z e r f o r r e c o r d i n g in f i l e s
64
65
66 p=[ ] #I n i t i a l i z e Con ta in t e r f o r p o i n t s
67 a = [ ] #I n i t i a l i z e Conta iner f o r edge p o s i t i o n s a l ong z
68 d = [ ] #I n i t i a l i z e Conta iner f o r edge p o s i t i o n s o t hogona l t o z
69
70 for i in arange ( len ( z ) ) : #Find Panel Pos t i on s around z ax i s , a t v a r y in g r a d i i f o r each t h e t a
71 i n t e r p r=interp1d ( array ( theta , dtype=f loat ) , \
72 sq r t ( array (x [ : , i ] , dtype=f loat )∗∗2+array (y [ : , i ] , dtype=f loat )∗∗2) , kind=3) #In t e r p o l a t e c on t a i n e r
73 r i n t = lambda x1234 : i n t e r p r ( x1234 ) #In t e r p o l a t e f u n c t i o n
74 #Fine mesh f o r gaug ing t h e hoop l e n g t h around the r e f l e c t o r
75 n theta=arange(−pi ∗0 .999 , p i ∗0 . 999 , 0 . 001 )
76 S theta=cumsum(0 .001∗ r i n t ( n theta ) ) #Calcua ted Hoop l e n g t h
77 #wid th o f each pane l g i v en hoop l e n g t h and r e q u e s t e d pane l g r a nu l a r t y
78 d e l t a s=S theta [−1]/n
79 print S theta [−1] , d e l t a s , n #Prin t hoop l e n g t h number o f segments
80 #Find the number o f f i n e mesh p o i n t s needed per segment
81 m = d i f f (mod( S theta+d e l t a s /2 .0 , d e l t a s ) )
82 index1 = arange ( len ( n theta ) ) [ f i nd (m<0)]+1 #Find the c en t e r po i n t on the mesh f o r each pane l
83 t s = n theta [ index1 ] #Find the a c t u a l p o s i t i o n in t h e t a f o r each pane l
84 for j in t s :
85 #Find the a c t u a l x , y and z p o s i t i o n f o r each pane l a t a c a l c u l a t e d t h e t a
86 p . append ( array ( [ r i n t ( j )∗ cos ( j ) , r i n t ( j )∗ s i n ( j ) , z [ i ] ] ) )
87 #Record t h e d e l t a z f o r t h a t pane l , f o r t h a t z
88 a . append ( dz [ i ] )
89 #record t he wid th o f t h e p l a n e l g i v en what i s known about t h e segmenta t i on and hoop l e n g t h
90 d . append ( d e l t a s )
91 a = array ( a )∗0 .99 #Loosen up the pane l s
92 d = array (d )∗0 .99 #Loosen up the pane l s
93 p = array (p) #Make p and array
94 pane l s = [ ] #I n i t i a l i z e pane l s c o n t a i n t e r f o r OFF f i l e
95 s = shape (x ) #Get array shape o f p o i n t s f o r OFF f i l e
96 i max = s [ 0 ] #Segmetnat ion number a long z
97 j max = s [ 1 ] #Segmentat ion number aorund hoop l e n g t h
98
99 ns = ndarray ( shape (p ) , dtype=f l o a t 128 )
100 c = ndarray ( shape (p ) , dtype=f l o a t 128 )
101 nt = ndarray ( len (p ) , dtype=f l o a t 128 )
102 for i in arange ( len (p ) ) : ns [ i ]=nor (X1 , p [ i ] ,X2) #Find normal v e c t o r s f o r each s u r f a c e a t p [ i ]
103
104 p1 = ndarray ( shape (p ) , dtype=f l o a t 128 ) #I n i t i a l i z e c o n t a i n t e r s f o r pane l v e r t i c e s
105 p2 = ndarray ( shape (p ) , dtype=f l o a t 128 )
106 p3 = ndarray ( shape (p ) , dtype=f l o a t 128 )
107 p4 = ndarray ( shape (p ) , dtype=f l o a t 128 )
108 p u = ndarray ( shape (p ) , dtype=f l o a t 128 )
109 p l = ndarray ( shape (p ) , dtype=f l o a t 128 )
110
111
112 dydz = −ns [ : , 2 ] ∗ ns [ : , 1 ] / ( ns [ : , 0 ]∗∗2+ ns [ : , 1 ] ∗ ∗ 2 ) #Find s l o p e o f pane l in dy
113 dxdz = −ns [ : , 2 ] ∗ ns [ : , 0 ] / ( ns [ : , 0 ]∗∗2+ ns [ : , 1 ] ∗ ∗ 2 ) #Find s l o p e i f pane l in dx
114 s = −ns [ : , 0 ] / ns [ : , 1 ]
115 x1 = d/2.0/ sq r t (1.0+( s∗ s ) )
133
116 #Determine a l ong z edge p o s i t i o n
117 p u = array ( ( dxdz∗a /2 .0 , dydz∗a /2 .0 , ones ( len ( dydz ))∗ a /2 . 0 ) , ndmin=2). t ranspose ( )
118 #Determine o r t h o gona l t o z edge p o s i t i o n
119 p l = array ( [ x1 , s∗x1 , z e ro s ( len ( dydz ) ) ] , ndmin=2). t ranspose ( )
120 p1 = p u+p l #Find pane l corner 1
121 p2 = p u−p l #Find pane l corner 1
122 p3 = −p u+p l #Find pane l corner 1
123 p4 = −p u−p l #Find pane l corner 1
124
125 p1+=p #Put pane l corner 1 i n t o pane l l o c a t i o n space
126 p2+=p #Put pane l corner 2 i n t o pane l l o c a t i o n space
127 p3+=p #Put pane l corner 3 i n t o pane l l o c a t i o n space
128 p4+=p #Put pane l corner 4 i n t o pane l l o c a t i o n space
129
130 f = open( ” d i f f r e f 9 9 9 . o f f ” , ’w ’ )
131 f . wr i t e ( ”OFF\n” ) #I d e n t i f y as OFF F i l e format
132 f . wr i t e ( ”%d %d 0\n”%(4∗ len (p ) , len (p ) ) ) #Write t h e number o f v e r t i c e s and po l y gon s
133 for i in p1 : f . wr i t e ( ”%0.9 f %0.9 f %0.9 f \n”%(tuple ( i ) ) ) #Write t h e v e r t e x p o s i t i o n s in meters
134 for i in p2 : f . wr i t e ( ”%0.9 f %0.9 f %0.9 f \n”%(tuple ( i ) ) ) #Write t h e v e r t e x p o s i t i o n s in meters
135 for i in p3 : f . wr i t e ( ”%0.9 f %0.9 f %0.9 f \n”%(tuple ( i ) ) ) #Write t h e v e r t e x p o s i t i o n s in meters
136 for i in p4 : f . wr i t e ( ”%0.9 f %0.9 f %0.9 f \n”%(tuple ( i ) ) ) #Write t h e v e r t e x p o s i t i o n s in meters
137 #Write t h e Polygon Vertex Indece s
138 for i in arange ( len (p ) ) : f . wr i t e ( ”4 %d %d %d %d\n”%(i , i+2∗len (p ) , i+3∗len (p ) , i+len (p ) ) )
139 f . c l o s e ( ) #Close f i l e
134
B Inner Monolith Collimation OFF File
1 OFF
2 120 92 0
3 0.183536 −0.362000 0.525682
4 −0.169195 −0.362000 0.320592
5 0.169195 −0.362000 0.320592
6 −0.186131 −0.362000 0.562795
7 0.286630 −0.362000 2.000000
8 −0.286630 −0.362000 2.000000
9 0.207360 −0.067640 0.866385
10 0.169459 −0.105541 0.324372
11 −0.169459 −0.105541 0.324372
12 −0.214579 −0.060421 0.969624
13 0.265000 −0.010000 1.690670
14 −0.265000 −0.010000 1.690670
15 −0.265000 −0.010000 1.690670
16 0.286630 0.285630 2.000000
17 0.265000 −0.010000 1.690670
18 −0.286630 0.285630 2.000000
19 −0.265000 −0.010000 1.690670
20 −0.286630 0.285630 2.000000
21 −0.286630 −0.362000 2.000000
22 −0.214579 −0.060421 0.969624
23 −0.186131 −0.362000 0.562795
24 −0.169459 −0.105541 0.324372
25 −0.169195 −0.362000 0.320592
26 0.169459 −0.105541 0.324372
27 0.169195 −0.362000 0.320592
28 0.183536 −0.362000 0.525682
29 0.207360 −0.067640 0.866385
30 0.286630 −0.362000 2.000000
31 0.265000 −0.010000 1.690670
32 0.286630 0.285630 2.000000
33 0.303459 0.331975 2.662760
34 0.332730 0.331730 2.659270
35 0.286630 0.285630 2.000000
36 0.274168 0.332197 2.665940
37 0.244874 0.332397 2.668790
38 0.215565 0.332573 2.671320
39 0.186239 0.332728 2.673530
40 0.156896 0.332859 2.675410
41 0.124270 0.332979 2.677120
42 0.091616 0.333071 2.678440
43 0.058933 0.333135 2.679350
44 0.029477 0.333169 2.679840
45 0.000000 0.333180 2.680000
46 −0.286630 0.285630 2.000000
47 −0.029478 0.333169 2.679840
48 −0.058936 0.333135 2.679350
49 −0.088358 0.333079 2.678550
50 −0.117754 0.333000 2.677420
51 −0.147126 0.332898 2.675960
52 −0.176475 0.332774 2.674190
53 −0.209062 0.332610 2.671840
54 −0.241626 0.332417 2.669090
55 −0.274170 0.332197 2.665940
56 −0.303460 0.331975 2.662760
57 −0.332730 0.331730 2.659270
135
58 0.286630 0.285630 2.000000
59 0.332730 0.247000 2.659270
60 0.286630 0.247000 2.000000
61 0.332730 0.331730 2.659270
62 0.398139 0.247000 2.650260
63 0.430755 0.247000 2.645160
64 0.348978 0.247000 2.000000
65 0.365462 0.247000 2.654960
66 0.286630 0.247000 2.000000
67 0.332730 0.247000 2.659270
68 −0.332730 0.247000 2.659270
69 −0.286630 0.285630 2.000000
70 −0.286630 0.247000 2.000000
71 −0.332730 0.331730 2.659270
72 −0.365462 0.247000 2.654960
73 −0.286630 0.247000 2.000000
74 −0.348978 0.247000 2.000000
75 −0.332730 0.247000 2.659270
76 −0.398139 0.247000 2.650260
77 −0.430755 0.247000 2.645160
78 −0.397876 −0.403000 2.650300
79 −0.430755 −0.403000 2.645160
80 −0.348978 −0.403000 2.000000
81 −0.364936 −0.403000 2.655040
82 −0.331939 −0.403000 2.659360
83 −0.298891 −0.403000 2.663280
84 −0.265797 −0.403000 2.666790
85 −0.232662 −0.403000 2.669880
86 −0.199491 −0.403000 2.672560
87 −0.166290 −0.403000 2.674840
88 −0.133063 −0.403000 2.676690
89 −0.099815 −0.403000 2.678140
90 −0.066552 −0.403000 2.679170
91 −0.033279 −0.403000 2.679790
92 −0.000000 −0.403000 2.680000
93 0.348978 −0.403000 2.000000
94 0.033279 −0.403000 2.679790
95 0.066552 −0.403000 2.679170
96 0.099815 −0.403000 2.678140
97 0.133063 −0.403000 2.676690
98 0.166290 −0.403000 2.674840
99 0.199491 −0.403000 2.672560
100 0.232662 −0.403000 2.669880
101 0.265797 −0.403000 2.666790
102 0.298891 −0.403000 2.663280
103 0.331939 −0.403000 2.659360
104 0.364936 −0.403000 2.655040
105 0.397876 −0.403000 2.650300
106 0.430755 −0.403000 2.645160
107 0.430755 0.247000 2.645160
108 0.348978 −0.403000 2.000000
109 0.430755 −0.403000 2.645160
110 0.348978 0.247000 2.000000
111 −0.348978 0.247000 2.000000
112 −0.430755 0.247000 2.645160
113 −0.430755 −0.403000 2.645160
114 −0.348978 −0.403000 2.000000
115 0.348978 0.247000 2.000000
116 0.348978 −0.403000 2.000000
117 0.286630 −0.362000 2.000000
118 −0.348978 −0.403000 2.000000
136
119 −0.286630 −0.362000 2.000000
120 0.286630 0.247000 2.000000
121 −0.348978 0.247000 2.000000
122 −0.286630 0.247000 2.000000
123 3 0 1 2
124 3 0 3 1
125 3 4 5 3
126 3 4 3 0
127 3 6 7 8
128 3 9 6 8
129 3 10 6 9
130 3 11 10 9
131 3 12 13 14
132 3 15 13 12
133 3 16 17 18
134 3 19 16 18
135 3 20 19 18
136 3 21 20 22
137 3 21 19 20
138 3 23 24 25
139 3 26 23 25
140 3 27 26 25
141 3 28 26 27
142 3 29 28 27
143 3 30 31 32
144 3 33 30 32
145 3 34 33 32
146 3 35 34 32
147 3 36 35 32
148 3 37 36 32
149 3 38 37 32
150 3 39 38 32
151 3 40 39 32
152 3 41 40 32
153 3 42 32 43
154 3 42 41 32
155 3 44 42 43
156 3 45 44 43
157 3 46 45 43
158 3 47 46 43
159 3 48 47 43
160 3 49 48 43
161 3 50 49 43
162 3 51 50 43
163 3 52 51 43
164 3 53 52 43
165 3 54 53 43
166 3 55 56 57
167 3 55 58 56
168 3 59 60 61
169 3 62 61 63
170 3 62 59 61
171 3 64 62 63
172 3 65 66 67
173 3 68 66 65
174 3 69 70 71
175 3 69 72 70
176 3 73 69 71
177 3 74 73 71
178 3 75 76 77
179 3 78 75 77
137
180 3 79 78 77
181 3 80 79 77
182 3 81 80 77
183 3 82 81 77
184 3 83 82 77
185 3 84 83 77
186 3 85 84 77
187 3 86 85 77
188 3 87 86 77
189 3 88 87 77
190 3 89 77 90
191 3 89 88 77
192 3 91 89 90
193 3 92 91 90
194 3 93 92 90
195 3 94 93 90
196 3 95 94 90
197 3 96 95 90
198 3 97 96 90
199 3 98 97 90
200 3 99 98 90
201 3 100 99 90
202 3 101 100 90
203 3 102 101 90
204 3 103 102 90
205 3 104 105 106
206 3 104 107 105
207 3 108 109 110
208 3 108 110 111
209 3 112 113 114
210 3 115 116 114
211 3 115 114 113
212 3 117 112 114
213 3 118 119 116
214 3 118 116 115
138
C ESS Liquid Deuterium Neutron Source
1 /∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
2 ∗
3 ∗ McStas , neutron ray−t r a c i ng package
4 ∗ Copyright 1997−2002 , Al l r i g h t s r e s e rved
5 ∗ Risoe Nat ional Laboratory , Roski lde , Denmark
6 ∗ I n s t i t u t Laue Langevin , Grenoble , France
7 ∗
8 ∗ Component : LD2 ESS
9 ∗
10 ∗ %I
11 ∗ Written by : Matthew Frost
12 ∗ Date : Sept 23 , 2019
13 ∗ Orig in : The Un ive r s i ty o f Tennessee−Knoxvi l l e
14 ∗
15 ∗ A neutron source that prov ides events r e f l e c t i n g the phase space prov ides a by a
16 ∗ source seen in Klinkby 2014 ( https :// arx iv . org /abs /1401 .6003) , then traced
17 ∗ through the inner monolith s h i e l d i n g at ESS . Al l i n t e n s i t y o r i g i n a t e s at z=2.68 meters
18 ∗
19 ∗ There are no parameters , as the phase space cannot be a l t e r e d and the i n t e n s i t y i s f i x ed .
20 ∗/
21
22 DEFINE COMPONENT LD2 ESS
23 DEFINITION PARAMETERS ( )
24 SETTING PARAMETERS ( )
25 OUTPUT PARAMETERS ( )




30 double pmul , srcArea ;
31 int square ;
32 double rn , p in , dv ;
33
34 double v d i s t [ 4 1 ] [ 2 ] = { //Bin−normal ized v e l o c i t y d i s t r i b u t i o n from o r i g i n a l event output
35 { +0.00000000 e+00, +0.00000000 e+00} ,
36 { +1.00000000 e+02, +2.50614979e−02} ,
37 { +2.00000000 e+02, +1.48812038e−01} ,
38 { +3.00000000 e+02, +4.06283768e−01} ,
39 { +4.00000000 e+02, +7.75966323e−01} ,
40 { +5.00000000 e+02, +1.27518496 e+00} ,
41 { +6.00000000 e+02, +1.52600306 e+00} ,
42 { +7.00000000 e+02, +1.69156961 e+00} ,
43 { +8.00000000 e+02, +1.90407912 e+00} ,
44 { +9.00000000 e+02, +1.98775943 e+00} ,
45 { +1.00000000 e+03, +2.01200256 e+00} ,
46 { +1.10000000 e+03, +1.90006687 e+00} ,
47 { +1.20000000 e+03, +1.85266235 e+00} ,
48 { +1.30000000 e+03, +1.71530858 e+00} ,
49 { +1.40000000 e+03, +1.68416473 e+00} ,
50 { +1.50000000 e+03, +1.51967239 e+00} ,
51 { +1.60000000 e+03, +1.43081691 e+00} ,
52 { +1.70000000 e+03, +1.33476925 e+00} ,
53 { +1.80000000 e+03, +1.31846256 e+00} ,
54 { +1.90000000 e+03, +1.24733020 e+00} ,
55 { +2.00000000 e+03, +1.22382339 e+00} ,
56 { +2.10000000 e+03, +1.16483602 e+00} ,
57 { +2.20000000 e+03, +1.11414123 e+00} ,
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58 { +2.30000000 e+03, +1.08501019 e+00} ,
59 { +2.40000000 e+03, +1.05723081 e+00} ,
60 { +2.50000000 e+03, +1.02192225 e+00} ,
61 { +2.60000000 e+03, +9.43035359e−01} ,
62 { +2.70000000 e+03, +9.35017351e−01} ,
63 { +2.80000000 e+03, +8.47482268e−01} ,
64 { +2.90000000 e+03, +7.78730450e−01} ,
65 { +3.00000000 e+03, +7.37994929e−01} ,
66 { +3.10000000 e+03, +6.52325390e−01} ,
67 { +3.20000000 e+03, +6.05620013e−01} ,
68 { +3.30000000 e+03, +5.40267450e−01} ,
69 { +3.40000000 e+03, +4.93186909e−01} ,
70 { +3.50000000 e+03, +4.45730563e−01} ,
71 { +3.60000000 e+03, +4.02213140e−01} ,
72 { +3.70000000 e+03, +3.59298790e−01} ,
73 { +3.80000000 e+03, +3.08920642e−01} ,
74 { +3.90000000 e+03, +2.83930213e−01} ,








83 p in =8.25311333051 e14 /( mcget ncount ( ) ) ; //Neutron I n t en s i t y (n/ s ) at 5MW operat ion
84






91 double v ;
92 int bin ;
93





99 x = 0.8 ∗ ( rand01 ( ) − 0 . 5 ) ;
100 y = 0 .6 ∗ ( rand01 ( ) − 0 .5) −0 .1 ;
101 p = p in ;
102 v = rand01 ( ) ;
103 v∗= v d i s t [ 40 ] [ 0 ] − v d i s t [ 0 ] [ 0 ] ;
104 bin = ( int ) v/dv ;
105
106 ys l ope r = v d i s t [ bin ] [ 1 ] ;
107 weighter = ( v d i s t [ bin+1][1]− ys l ope r )/dv∗(v−v d i s t [ bin ] [ 0 ] )+ ys l ope r ;
108 p∗=weighter ;
109
110 rn = ( rand01 ( ) −0 .5 )∗0 .08 ;
111 vy= ( rn+0.40407893∗y+0.10528407)∗v ; // Ve r t i c a l Phase Space Cor r e l a t i on
112 rn = ( rand01 ( ) −0 .5 )∗0 .09 ;
113 vx = ( rn+0.39032∗x+0.000339573)∗v ; // Hor i zonta l Phse Space Cor r e l a t i on
114
115 vz=v∗v−vx∗vx−vy∗vy ;
116 i f ( vz<0) vz=0;










D Large Beam Port OFF File
1 OFF
2 32 16 0
3 −0.540253 0.527000 3.710880
4 −0.430901 −0.522500 2.670460
5 −0.540253 −0.522500 3.710880
6 −0.430901 0.527000 2.670460
7 −0.539635 0.528000 3.705000
8 0.430901 0.528000 2.670460
9 −0.430901 0.528000 2.670460
10 0.539635 0.528000 3.705000
11 0.540253 0.527000 3.710880
12 0.540253 −0.522500 3.710880
13 0.430901 −0.522500 2.670460
14 0.430901 0.527000 2.670460
15 −0.540253 −0.522500 3.710880
16 −0.430901 −0.522500 2.670460
17 0.430901 −0.522500 2.670460
18 0.540253 −0.522500 3.710880
19 0.575062 −0.557500 3.707220
20 0.731959 0.562000 5.200000
21 0.731959 −0.557500 5.200000
22 0.571330 0.562000 3.671720
23 −0.731959 0.562000 5.200000
24 −0.575062 0.562000 3.707220
25 −0.575062 −0.557500 3.707220
26 −0.731959 −0.557500 5.200000
27 −0.731959 −0.557500 5.200000
28 −0.575062 −0.557500 3.707220
29 0.575062 −0.557500 3.707220
30 0.731959 −0.557500 5.200000
31 −0.731959 0.563000 5.200000
32 0.731959 0.563000 5.200000
33 0.575062 0.563000 3.707220
34 −0.575062 0.563000 3.707220
35 3 0 1 2
36 3 0 3 1
37 3 4 5 6
38 3 4 7 5
39 3 8 9 10
40 3 11 8 10
41 3 12 13 14
42 3 15 12 14
43 3 16 17 18
44 3 19 17 16
45 3 20 21 22
46 3 20 22 23
47 3 24 25 26
48 3 27 24 26
49 3 28 29 30
50 3 28 30 31
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E Nano Particle Neutron Reflection Code
1 subrout ine nano scat ( x0 , y0 , z0 , vx , vy , vz , sx , sy , sz , z l im0 )
2 ! Provide Ful l phase space in fo , s u r f a c e normal vector , and th i ckne s s o f bulk .
3 c −−−−−−−−−−−−−−
4 c −−> de f i n e i n i t i a l s t a t e o f neutron
5 parameter ( eumass=1.674927351E−27) ! in kg
6 parameter ( hbar=1.0545716823645E−34) ! in J∗ s
7 parameter (V1=45.0E−6) ! in neV , f o r Carbon
8 parameter (V0=305.9) ! in neV , f o r Carbon
9 parameter ( ddens=3.520E−24) ! kg/mˆ3
10 parameter ( par3 =0.015882) ! convert m/ s to 1/nm
11 i n t e g e r in1
12 i n t e g e r debug
13 r e a l a0 , b0 , c0 , d0 , e0 , f0 , g0
14 r e a l NAN, vel0 , theta2 , z l im
15 r e a l ∗8 k (3 ) , zhat (3 ) , xhat (3 ) , yhat (3)
16 r e a l ∗8 R mat (3 , 3 ) , id ( 3 , 3 ) ,K mat (3 , 3 ) , R mat inv (3 , 3 )
17 r e a l ∗8 t r a j f i n a l (3 )
18 r e a l ∗8 p o s f i n a l (3 )
19 r e a l ∗8 ds inr , dcosr , phi , theta , pi , ph i s
20 r e a l ∗8 dcx0 , dcy0 , dcz0 , dcx1 , dcy1 , dcz1 , sx2 , sy2 , sz2






27 zl im = zl im0
28
29 do i =1,3
30 do j =1,3 ! I n i t i a l i z e I
31 i f ( i . eq . j ) Id ( i , j )=1.D0






38 c a l l r l uxa t ( idummy , in1 , idummy , idummy)
39 i f ( in1 . eq . 0 ) c a l l r luxgo (3 , time ( ) , 0 , 0 )
40 open (UNIT=14,STATUS=”sc ra t ch ”)
41
42 i f ( z l im . l t . 0 . 0 ) then
43 debug=1
44 zl im = −1.0∗ z l im
45 end i f
46 ve l0 = dsqrt ( dble ( vx∗vx+vy∗vy+vz∗vz ) )
47
48 i f ( debug . ne . 0 ) open (UNIT=15,FILE=”angle debug . dat ” ,
49 +po s i t i o n=’APPEND’ )
50
51 theta0 = 0 .
52 phi0 = 0 .
53
54 777 cont inue
55 v = ve l0
56 x1 = 0 .D0
57 y1 = 0 .D0
143
58 z1 = 0 .D0
59 s = sq r t ( sx∗ sx+sy∗ sy+sz∗ sz ) ! ensure the su r f a c e vec tor i s a un i t vec tor
60 sx2=dble ( sx/ s )
61 sy2=dble ( sy/ s )
62 sz2=dble ( sz / s )
63
64 phi = dble ( phi0 )
65 dcx0 = dble ( dble ( vx )/ ve l0 )
66 dcy0 = dble ( dble ( vy )/ ve l0 )
67 dcz0 = dble ( dble ( vz )/ ve l0 )
68
69 k mag = sqr t (sum ( [ dcx0 , dcy0 , dcz0 ]∗∗2 ) )
70
71 k = sum ( [ dcx0 , dcy0 , dcz0 ] ∗ [ sx2 , sy2 , sz2 ] )
72
73 k mag = sqr t (sum(k∗k ) )
74 theta = pi /2.0−( pi−dacos (sum ( [ dcx0 , dcy0 , dcz0 ] ∗ [ sx2 , sy2 , sz2 ] ) ) )
75 dcx1 = dcos ( theta ) ! r ep laced by su r f a c e normal
76 dcy1 = 0 .0
77 dcz1 = ds in ( theta )
78
79 zhat = −1∗[ sx2 , sy2 , sz2 ]
80 yhat = x prod ( zhat , [ dcx0 , dcy0 , dcz0 ] )
81 yhat = yhat/ sq r t (sum( yhat∗yhat ) )
82 xhat = x prod ( yhat , zhat )
83
84 Ncount = 0 ! number o f i n t e r a c t i o n s
85
86 i f ( debug . ne . 0 ) rewind (14)
87 i f ( debug . ne . 0 ) wr i t e (14 ,∗ ) x1 , y1 , z1 , dcx1 , dcy1 , dcz1 ,−1
88
89 1 cont inue
90 iabs = 0
91
92 c a l l INTER(v , avgpath , r , i abs )
93 i f ( i abs . eq . 3 ) then
94 v = 0.0
95 goto 500
96 end i f
97
98 c a l l ranlux (RNU, 1 )
99
100 d i s t = −avgpath∗ a log (RNU) ! in m
101 i f ( d i s t . l t . 0 . 0 ) wr i t e (0 ,∗ ) d i s t ,RNU
102
103 x1 = x1+dcx1∗ d i s t ! in m
104 y1 = y1+dcy1∗ d i s t ! in m





110 i f ( z1 . ge . z l im ) then
111 c e x i t out back
112 x1 = x1−dcx1 ∗( z1−z l im )/ dcz1
113 y1 = y1−dcy1 ∗( z1−z l im )/ dcz1
114 z1 = zl im
115
116 i f ( debug . ne . 0 ) wr i t e (14 ,∗ ) x1 , y1 , z1 , dcx1 , dcy1 , dcz1 , Ncount
117 go to 500
118 end i f
144
119
120 i f ( z1 . l e . 0 . ) then
121
122 c e x i t out f r on t
123 Nref = Nref + 1
124 x1 = x1−dcx1∗z1/dcz1
125 y1 = y1−dcy1∗z1/dcz1
126 z1 = 0 .
127 i f ( debug . ne . 0 ) wr i t e (14 ,∗ ) x1 , y1 , z1 , dcx1 , dcy1 , dcz1 , Ncount
128 go to 500
129 end i f
130
131 c check f o r absorpt ion o f neutron
132 i f ( i abs . eq . 1 . ) then
133 i f ( debug . ne . 0 ) wr i t e (14 ,∗ ) x1 , y1 , z1 , dcx1 , dcy1 , dcz1 ,−1∗Ncount
134 wr i t e (0 ,∗ ) ”ABSORBTION”
135 v = 0.0
136 go to 500
137 end i f
138 c
139 c −−> here do s c a t t e r i n g
140 Ncount = Ncount + 1 ! number o f i n t e r a c t i o n s per neutron
141
142 cos ths = dble ( randz (v , r ) )
143 s i n th s = dsqrt ( 1 .D0−cos ths ∗∗2)
144 c a l l ranlux (RNU, 1 )
145 phis = 2 .D0∗pi ∗dble (RNU)
146 cosphs = dcos ( phi s )
147 s inphs = ds in ( phi s )
148 dczs = s i n th s ∗ cosphs
149 dcys = s i n th s ∗ s inphs
150 dcxs = cos ths
151 c
152 c −−> these are d i r e c t i o n s o f neutron a f t e r s c a t t e r i n g
153 c ths − theta ’ ; ph i s − phi ’
154 ct0 = dcos ( theta )
155 s t0 = ds in ( theta )
156 cp0 = dcos ( phi )
157 sp0 = ds in ( phi )
158 dcz1 = dble ( cp0∗ ct0∗dczs−sp0∗dcys+st0 ∗cp0∗dcxs )
159 dcy1 = dble ( sp0∗ ct0∗dczs+cp0∗dcys+st0 ∗ sp0∗dcxs )
160 dcx1 = dble(− s t0 ∗dczs+ct0∗dcxs )
161 i f ( debug . ne . 0 ) wr i t e (14 ,∗ ) x1 , y1 , z1 , dcx1 , dcy1 , dcz1 ,−1
162 c these are d i r e c t i o n a l c o s i n e s in main coord inate system
163 c c a l c u l a t e new theta and phi
164 theta = dacos ( dble ( dcx1 ) )
165 phi = datan2 ( dble ( dcy1 ) , dble ( dcz1 ) )
166 rm = eumass / ( 4 . / 3 .∗ pi ∗ddens∗ r ∗∗3)
167 v = 1.0∗v∗ sq r t (rm∗∗2+2.∗rm∗ cos ths +1.)/(rm+1.)
168 go to 1
169 100 cont inue
170 500 cont inue ! enddo ! end o f t h i s neutron
171 i f ( debug . ne . 0 ) rewind (14)
172 i f ( debug . ne . 0 ) then
173 do
174 read (14 ,∗ , i o s t a t=io ) a0 , b0 , c0 , d0 , e0 , f0 , g0
175 i f ( i o . ne . 0 ) e x i t
176 wr i t e (15 ,29) a0 , b0 , c0 , d0 , e0 , f0 , i n t ( g0 )
177 end do
178 end i f
179 p o s f i n a l =[x1 , y1 , z1 ]
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180 p o s f i n a l=p o s f i n a l (1)∗ xhat+p o s f i n a l (2)∗ yhat+
181 &p o s f i n a l (3)∗ zhat+[x0 , y0 , z0 ]
182 x0 = p o s f i n a l (1 )
183 y0 = p o s f i n a l (2 )
184 z0 = p o s f i n a l (3 )
185 t r a j f i n a l (1 :3)=(/ dcx1 , dcy1 , dcz1 /)
186 t r a j f i n a l=t r a j f i n a l (1)∗ xhat+t r a j f i n a l (2)∗ yhat+
187 &t r a j f i n a l (3)∗ zhat
188 vx = t r a j f i n a l (1)∗v
189 vy = t r a j f i n a l (2)∗v
190 vz = t r a j f i n a l (3)∗v
191
192 c l o s e (14)
193 c l o s e (15)
194 27 format (F8 . 1 , 5 F10 . 5 )
195 28 format (6 I10 )
196 29 format (6E17 . 8 , I10 )
197
198 conta ins
199 func t i on x prod (a , b) r e s u l t ( axb )
200 r e a l ∗8 a (3 ) , b (3)
201 r e a l ∗8 axb (3)
202 axb (1) = a (2)∗b (3) − a (3)∗b (2)
203 axb (2) = a (3)∗b (1) − a (1)∗b (3)
204 axb (3) = a (1)∗b (2) − a (2)∗b (1)
205 end func t i on x prod
206
207 func t i on tens prod (u) r e s u l t (uu)
208 r e a l ∗8 u (3)
209 r e a l ∗8 uu (3 ,3 )
210 uu ( 1 , 1 : 3 ) = [ u (1)∗∗2 , u (1)∗u (2 ) , u (1)∗u ( 3 ) ]
211 uu ( 2 , 1 : 3 ) = [ u (1)∗u (2 ) , u (2)∗∗2 , u (2)∗u ( 3 ) ]
212 uu ( 3 , 1 : 3 ) = [ u (1)∗u (3 ) , u (2)∗u (3 ) , u (3 )∗∗2 ]
213 end func t i on tens prod
214 end subrout ine nano scat
215 c
216 func t i on randz (vmps ,Rnm)
217 c −−−−−−−−−−−−−−−−−−−−−−−−
218 c −−> random value pick−up f o r func t i on h(x)= j1 ˆ2(x )/x
219 c where j1 (x ) i s s p h e r i c a l Bes s e l func t i on o f the f i r s t kind
220 c Envelope func t i on HE(x ) const ructed such that HE(x ) >= h(x )
221 c f o r 0 < x < l a r g e ˜ 200 :
222 c HE(x)=0.106 f o r 0<=x<=xcr ;
223 c HE(x)=1.2/xˆ3 f o r x>xcr
224 parameter ( co=31.7649E−3)
225 c co=2.∗mn/hbar , so alpha=xmax=co∗vmps∗Rnm
226 parameter ( xcr =2.24539)
227 data RLOCK/0/
228 common / f i n t / f i n t (2001)





234 i f (RLOCK. eq . 1 ) go to 99
235 OPEN(UNIT=12, FILE=’ f enu i . txt ’ , STATUS=’OLD’ )
236 do j =1 ,2001
237 read (12 ,∗ )dum1 , dum2 , f i n t ( j )
238 enddo
239 RLOCK=1
240 c l o s e (12)
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241 99 cont inue
242 c
243 xmax=co∗vmps∗Rnm
244 i f (xmax . l e . xcr ) then
245 1 cont inue
246 c xmax < = xcr
247 c a l l ranlux (RNU, 1 )
248 x=xmax∗RNU
249 c a l l ranlux (RNU, 1 )
250 y=0.106∗RNU
251 f=besp1 (x )
252 g=f ∗ f ∗x
253 i f ( y . gt . g ) go to 1
254 go to 10
255 end i f
256
257 nbin=INT((xmax−xcr ) / 0 . 1 ) ! min nbin=0
258 i f ( nbin . gt . 2000) nbin=2000
259 h int=f i n t ( nbin+1)+10.∗( f i n t ( nbin+2)− f i n t ( nbin+1))∗(xmax−0.1∗nbin )
260 c a l l ranlux (RNU, 1 )
261 i f (RNU. l t . h int ) then
262 c −−> r eg ion 1 : f o r x < xcr
263 2 cont inue
264 c a l l ranlux (RNU, 1 )
265 x=xcr∗RNU
266 c a l l ranlux (RNU, 1 )
267 y=0.106∗RNU
268 f=besp1 (x )
269 g=f ∗ f ∗x
270 i f ( y . gt . g ) go to 2
271 go to 10
272 end i f
273 c −−> r eg ion 2 : f o r x from xcr to xmax
274 3 cont inue
275 c a l l ranlux (RNU, 1 )
276 z2=RNU∗xcr ∗∗2+(1.−RNU)∗xmax∗∗2
277 x=xcr∗xmax/ sq r t ( z2 )
278 ymax=1.2/x∗∗3
279 c a l l ranlux (RNU, 1 )
280 y=ymax∗RNU
281 f=besp1 (x )
282 g=f ∗ f ∗x
283 i f ( y . gt . g ) go to 3
284 10 cont inue ! x value i s picked up
285 randz=1.0−2.0∗(x/xmax)∗∗2 ! cos ( theta ) in CMS, ORIGINAL
286 c randz=sq r t (1.−(x/xmax)∗∗2)
287 i f ( randz . eq . 1 . 0 ) randz=1.0−0.000001 ! temporary




292 func t i on besp1 (x )
293 c −−−−−−−−−−−−−−−−−
294 c −−> c a l c u l a t e s s p e r i c a l Bes s e l func t i on o f the f i r s t kind :
295 c −−> j 1 ( x )/x :
296 i f ( x . gt . 0 . 0 8 ) then
297 besp1=( s i n (x )/( x)∗∗3− cos (x )/( x )∗∗2)
298 e l s e
299 besp1=1./3.−x∗∗2/30.+x∗∗4/840.−x∗∗6/45360.+x∗∗8/3991680.
300 &−x∗∗10/518918400.+x∗∗12/9.340531E+10





305 subrout ine INTER(vmps , alambda ,Rnm, iabs )
306 c −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
307 c −−> f o r dens i ty o f diamond nanopowder 0 .6 g/cm3
308 c c a l c u l a t e s i n t e r a c t i o n length in m ( alambda ) ;
309 c pick the rad ius Rnm of nanosphere ( in nanometers ) ;
310 c determines whether i n t e r a c t i o n was s c a t t e r i n g : i abs=0
311 c ot absorpt ion : i abs=1
312 c as func t i on o f input neutron v e l o c i t y vmps (m/ s )
313 c
314
315 common /dsca / ar (200 ,52 ,3 )
316 data i l o c k /0/
317 i f ( i l o c k . eq . 1 ) go to 101
318 c a l l READA
319 c −−> to prepare data f i l e f o r another dens i ty , one has to run
320 c program prepx . f with a l t e n a t i v e s e t o f parameters
321 i l o c k=1
322 101 cont inue
323 c
324 i f ( ( vmps . l t . 1 0 . ) . or . ( vmps . ge . 2 0 0 0 . ) ) then
325 c wr i t e (0 ,∗ ) ’ v e l o c i t y ’ , vmps , ’ i s ou t s ide t r ea t ed range ’
326 iabs = 3
327 c alambda = NaN
328 c Rnm = Nan
329 go to 3
330 end i f
331 c
332 c −−> neutron v e l o c i t i e s in the range 10.−2000. m/ s
333 nv=vmps/10 . ! l e f t−s i d e edge o f the bin
334 dnv=vmps−nv ∗10.
335 c
336 c −−> i n t e r a c t i o n length at v e l o c i t y vmps :
337 c wr i t e (0 ,∗ ) nv , dnv , vmps
338 snv=ar (nv ,52 ,3)+0.1∗dnv∗( ar (nv+1 ,52 ,3)− ar (nv , 5 2 , 3 ) )
339 alambda=1./ snv ! t o t a l i n t e r a c t i o n length in m
340 c
341 c −−> p ick ing the rad ius o f nanosphere f o r i n t e r a c t i o n
342 c
343 iabs=0
344 c a l l ranlux (RNU, 1 )
345 prp=0.
346 do i =1 ,51
347 c −−> cumulative p r obab i l i t y i n t e r po l a t ed by v e l o c i t y :
348 p r i=ar (nv , i ,3)+0.1∗dnv∗( ar (nv+1, i ,3)− ar (nv , i , 3 ) )
349 i f ( p r i . gt .RNU) then
350 dRnm=0.1∗(RNU−prp )/( pr i−prp )
351 Rnm=0.1∗( i−2)+dRnm
352 c −−> rad ius o f nanopa r t i c l e i s picked up , and now w i l l
353 c check whether i n t e r a c t i o n was s c a t t e r i n g or absorpt ion
354 c by i n t e r p o l a t i o n to exact v e l o c i t y and rad ius :
355 c
356 p l r=ar (nv , i −1 ,1)+0.1∗dnv∗( ar (nv+1, i −1,1)−ar (nv , i −1 ,1))
357 pmr=ar (nv , i ,1)+0.1∗dnv∗( ar (nv+1, i ,1)− ar (nv , i , 1 ) )
358 psc=p l r +10.∗dRnm∗(pmr−p l r )
359 c
360 p l r=ar (nv , i −1 ,2)+0.1∗dnv∗( ar (nv+1, i −1,2)−ar (nv , i −1 ,2))
361 pmr=ar (nv , i ,2)+0.1∗dnv∗( ar (nv+1, i ,2)− ar (nv , i , 2 ) )
362 pab=p l r +10.∗dRnm∗(pmr−p l r )
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363 c
364 cha=pab/( psc+pab )
365 c a l l ranlux (RNU, 1 )
366 i f (RNU. l t . cha ) i abs=1
367 c
368 goto 3







376 subrout ine READA
377 c −−−−−−−−−−−−−−−−
378 c −−> read data from f i l e
379 common /dsca / ar (200 ,52 ,3 )
380 c −−> va lues o f 1 ./ dens i ty ∗x−s e c t i o n s [1/m] in ar ( i , j , k ) are arranged as :
381 c i =1 ,200 : f o r v e l o c i t y va lues from 10 . , to 2000 , in s t ep s o f 10 . m/ s
382 c j =1 ,51 : f o r rad ius Rnm values from 0 . , to 5 .0 in s t ep s o f 0 .1 nm
383 c k=1 f o r s c a t t e r i n g ; k=2 f o r absorpt ion ; k=3 cumulative t o t a l [ 1/m]
384 c
385 OPEN(10 , FILE=’ tabns . txt ’ , STATUS=’OLD’ )
386 read (10 ,∗ ) ar
387 wr i t e (6 ,∗ ) ’ data from tabns . txt read OK’





Matthew Joseph Frost was born in 1983 in Akron, Ohio to Louis and Jo Ellen (née Badia)
Frost. He grew up in Northeast Ohio, and graduated from Hudson High School in 2001. He
pursued studies in Physics and Applied Mathematics at Kent State University, completing
a Bachelor of Science Degree in 2005. During that time, he enjoyed summer research
experiences at The University of Toledo and Princeton Plasma Physics Laboratory. After
completion of undergraduate studies, he attended The University of Wisconsin-Madison to
study Plasma Physics in the Department of Nuclear Engineering under Raymond J. Fonck. In
2007, he finished with a Master of Science degree, and took a position as a Scientific Associate
at Oak Ridge National Laboratory’s Spallation Neutron Source. There he contributed to
the development, design and operations of a suite of neutron scattering instrumentation for
research and development of novel materials. During that time he has contributed to a range
of publications that includes 13 authorships and many acknowledgements on peer-reviewed
journal articles. In 2010, he entered the graduate program in the Physics department at
The University of Tennessee, Knoxville. He began research in the observation of Baryon
Asymmetry using cold neutron instrumentation with Yuri Kamyshkov in 2013. He has
already contributed to the development of next generation neutron instrumentation and
optical design within the Neutron Sciences Directorate at Oak Ridge National Laboratory,
and plans to continue this work beyond graduation.
150
